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FOREWORD

All of the NATO nations are faced with a major concern for the growing cost of defence
and the need to ensure that cost and performance are optimized. The requirements and
related costs of weapon systems have come under close examination. The entire life cycle of
a weapon system and its subsystems must be examined. The cost of design and development
must now include not only the cost of production but also deployment, training, operational
use, and support. The use of new technology and new management techniques are essential
to obtaining the most for the available money.

The purpose of this Lecture Series is to examine the latest methodologies of cost/performance
comparison and trade-offs for aircraft engines. Information will include data collection,
analysis, modelling and estimating all development and operations costs. Also addressed will
be contractual provisions and the costs related to incentives for performance and reliabiiity.
The latest applications in both government and industry will be covered, with examples and
experiences from the military and civilian sectors.

R.W.ACKERMAN
Lecture Series Director
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INTRODUCTION TO
THE APPLICATION OF DESIGN TO COST AND
LIFE CYCLE COST TO AIRCRAFT ENGINES

by
ROBERT W. ACKERMAN
Vice-President and General Manager
State of the Art Seminars
5959 W. Century Blvd., Sulte 1016
Los Angeles, California 90045

1. Introduction

Traditionally, military procurements have emphasized unit cost as the major deter-
mining factor in systems acquisition. In the past, engineers were improving efficiency
and reliability at ever-increasing cost factcrs, without regard to final unit cost or a
total system view. As military budgets tightened, inflation increased, and cost overruns
grew, the American Department of Defense began attempts to develop more realistic approaches
to systems acquisition. Whereas previous procurements were judged on lowest cost-per-unit
at delivery, the early 1960's brought the "Total Package Procurement" concept into the
acquisition process. Although these early forerunners of Life Cycle Costing were generally
unsuccessful attemptas at viewing a total system cost, they laid important groundwork for
today's Design to Cost/Life Cycle Cost principles.

At 1ts very basic level, Design to Cost/Life Cycle Costing is simply the awareness
of system and subsystem cost from the earliest conceptual studles to the end of system
life: in other words, DTC/LCC is cost analysis, including design considerations which
reduce cost, from "cradle to grave". LCC is based on groups of assumptions about the
future and as long as these assumptions hold true, an accurate prediction of cost curves
can bz obtained. In the event that certain assumptions prove false, e.g. fuel costs,
manpower predictions, etc., it 18 likely that the basic principles will hold true and
that all systems will be affected by the unpredicted changes, not jJust a particular system
under LCC study.

Thus, DTC/LCC is a viable tool relying on much more than just "crystal ball" method-
ology to achieve usable results. Increasingly, cost conscious governments are viewing
the principles of DTC/LCC as invaluable in long-range planning and budgeting - in many
instances, crucial to final system approval. LCC allows for a comparison of competing
programs along several®"phases” of the acquisition process and can be used to compare the
basic logistics concepts of several competing contractors. This ability to carefully
weigh alternatives can also produce decisions about equipment renewal needs and can con-
trol ongoing programs. Finally, an important application that 1is rapidly increasing in
use, particularly within the American military community, is the selection of a prime
contractor based on DTC/LCC data. Early U.S. DoD directives issued in the 1970's have
met cultural resistance (e.g. engineers have traditionally designed systems to increase
efficiency while ignoring cost), but a general trend toward acceptance has steadily expanded.
Both buyer and seller see DTC/LCC as a commonsense, practical method for determining overall
system cost and, increasingly, as a determinant in systems acquisition. It is as 1if the
military establishment is applying principles from the private sector, a sector which has,
for many years, used basic practical DTC/LCC concepts.

2. Lecture Series Summary

AGARD Lecture Series No. 107 will concentrate on applying DTC/LCC concepts to a major
subsystem: the aircraft engine. As the program develops, it should become clear that
these concepts must be applied to the total system in all its facets. The speakers from
France, UK, and the U.S. represent both the customer who develops requirements (government
procurement activities and the airframe manufacturers), and the engine manufacturer who
designs propulsion systems to meet those requirements. The program will provide informa-
tion on the latest techniques used within both government and industry as 1t relates to
both military and civil aircraft engines.

The following are summaries of the presentations:

"Aipcraft Turbine Engine Life Cycle Analysis” by Dr. J.R, Nelson, The Rand Corporation,
USA: e presentation describes the methodology for 11fe cycle cost analysis of aircraft
engines. This process enables the weapon system planner to obtain visibllity of cost,
1dentify "drivers” that increase cost, and can lower capability. A most important point
is developed by applying the methodology at the engine subsystem and aircraft system level
to demonstrate that decisions about engine performance/schedule/cost must be made at the
system level. The results of an extensive study of military and commercial engines are
explained.

'WWLW%M&A" by Mr. E.J, Jones,
Ministry o ence rocurement Executive), : sed upon government requirements for

military aircraft, an examination is made of the three main elements of aircraft costs:

(1) Airframe Structure, (2) Propulsion, and (3) Equipment (Avionics). The potential for
cost reduction is discussed as it applies to the main phases of a project programme (de-
velopment, production, and operational life). The means of reducing engine costs at each
phase will be covered. Emphasis will be on the complete aircraft system and, particularly,
the interaction of engine and airframe which is a significant factor in choosing the means
to reduce engine costs.




U.S. Air Porce Approach for Practical Management of Engine Life Cycle Costs™ by
Colonel R.E. Steere, USAF Aeronautical Systems Division, USA: Both technical and busi-
ness practices applied to new gas turbine engines will be covered. The latest U.S.
Defense Department approaches to influencing life cycle costs from exploratory development
through phase-out technical and management activities, as well as business concepts and
strategies will be explained. A new viewpoint being taken by the USAF Propulsion System
Program Office 1s systems management of the life cycle process. Specifically, what can
really be done today from a practical standpoint versus what may be possible tomorrow.

"Life Cycle Cost Programme for Military Engines" by Mr. Claude Foure, formerly with
SNECMA, France: Presentation covers the various approaches leading to value engineering,

reliability and maintainability studies, and direct engine operating costs. Cost predic-
tion techniques will be discussed relating to their credibility, the effort needed for
their development, and the decisions to be made on the basis of their results. Also
covered will be trade-off factors, actions relating to fixed and revised targets with or
without design changes. Finally, a look at measures of economy brought about by fuel
cost uses.

"Loglistics Forecasting for Achleving Low Life Cycle Costs"™ by Mr. G.I. Walker,
General Electric Co., USA: This presentation examines engines designed under the DTC/LCC
discipline. The "On Condition Maintenance (OCM)" concept is identified as a major con-
tributor to the achlevement of lower 1life cycle costs. This concept provides for reduced
LCC by taking into consideration potential parts life (wear out characteristics and usage
severity), and reduced maintenance workload. The information given relates to sophisticated
methods for representing the dynamics of logistics systems inherent in such a maintenance
philosophy. Also covered will be the use and impact of engine history recorders and parts
tracking systems.

"Application of Design to Cost in Engineering and Manufacturing" by Mr. R.J. Symon and
Mr. K.J. Dangerfield, Rolls Royce Ltd., UK: The presentation covers a procedure developed

by Rolls Royce called Product Cost Control and its use to control the generation of costs
during design and production phases. Examples will be given relating to implementation
problems and solutions for controlling costs at the generation stage. Some examples of
component design influenced by thils procedure will also be provided. The results to date
and a look at the next steps to be taken will be assessed.

"Turbine Engine Technology and Fighter Aircraft Life Cycle Costs" by Dr. F.A., Timson,
Northrop Airecraft, USA: This paper discusses the fighter alrcraft 1ife cycle cost reduc-

tions being achieved through improvements in turbine engine technology. The engine charac-
teristics that impact aircraft size are thrust-to-welght ratio and specific fuel consumption.
Technology improvements in engines are reflected in aircraft that are resized (made smaller)
to perform the same mission requirements. The cost analysis provided considers the savings
in airframe design, production and maintenance costs, plus the savings resulting from lower
fuel consumption. These savings are then avallable for application to further engine
improvements.

"Evaluating and Selecting the Preferred Air-Breating Weapon System" by Mr. F.A. Watts,
Boeing Aerospace Co., USA: This presentation provides a look at the big picture of cost

versus need versus effectiveness. A top-down perspective of the applications of cost
analysis and reduction 1s given to illustrate the basis and results of effective selection
of alternatives. This is a philosophical, yet comprehensive, look at the real costs for
weapon systems; a fitting conclusion to this lecture series on aircraft engines and the
interrelationship of technology, costs, and defense needs.
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AN APPROACH TO THE LIFE-CYCLE ANALYSIS
OF AIRCRAFT TURBINE ENGINES
by
J. R. Nelson
Senior Staff Member
The Rand Corporation
2100 M Street, N.W.
Washington, D.C. 20037
USA

SUMMARY

1 This paper presents the results of a study that describes a methodology derived
i from historical data for life-cycle analysis of aircraft turbine engines and ap-

plies that methodology at the engine subsystem and aircraft system levels. The 4
methodology enables the weapon-system planner to acquire early visibility of 1
cost magnitudes, proportions, and trends associated with a new engine's life cy- ’
cle, and to identify "drivers" that increase cost and can lower capability. The A

procedure followed was to develop a theoretical framework for each phase of the
life cycle; collect and analyze data for each phase; develop parametric cost-
estimating relationships (CERs) for each phase; use the CERs in examples to as- E
certain behavior and obtain insights into cost magnitudes, proportions, and
trends, and to identify cost-drivers and their effects; and examine commercial
experience for cost data and operational and maintenance practices.

i

SYMBOLS g
ATBO = Average time between overhaul, hours
CAB = Civil Aeronautics Board
CIP = Component improvement program cost, millions of 1975 dollars
CPUSP = Current production unit selling price, thousands of 1975 dollars
DMQTC = Development cost to MQT, millions of 1975 dollars
DEVTIME = Development time from start to MQT, calendar quarters y
EFH = Engine flying hour p
EFHC = Engine flying hour consumed by operating fleet :
: EFHR = Engine flying hour restored to fleet by depot maintenance
IRED = Independent Research and Development R
KPRATE = Average production rate, 1000 engines/quarter
KPUSP = 1000th unit production cost, millions of 1975 dollars
LCC = Life-cycle cost
MACH = Maximum flight envelope Mach number (measure of speed related to speed of sound)
MCDUM = Military-commercial dummy (1 = commercial, 0 = military)
MFRDUM = Manufacturer dummy (1 = Pratt § Whitney, 0 = others)
MQT = Model Qualification Test
MQTQTR = Man-rated 150-hr Model Qualification Test date, calender quarters (October

1942 = 1)

= Total quantity produced, millions of units

= Maximum time between overhaul, hours

MVOLUME = Engine volume (maximum diameter and length, cu. in./109)

= Time since operational use began, quarters

= Production quantity cumulative cost at quantity purchased, millions of 1975

dollars

Maximum dynamic pressure in flight envelope, 1b/ft?2

Quantity of production engines procured

Research, development, test, and evaluation

Resource Management System

Specific fuel consumption at military thrust, sea-level static (SLS),
ib/hr/1b thrust

= Maximum turbine inlet temperature °R

THRMAX = Maximum thrust (with afterburner if afterburner configuration), SLS, 1b

Time of arrival
Time of arrival of demonstrated performance obtained from model derived using
26 military turbojet and turbofan engines, calendar quarters
TOA37 = Time of arrival of demonstrated performance obtained from model derived using 26
military and 11 commercial turbojet and turbofan engines, calendar quarters
ATOA26 = TOA26-MQTQTR, calendar quarters
TDC = To;al development cost including MQT and product improvement, millions of 1975 #
ollars :
TOTPRS = Pressure term (product of QMAX X pressure ratio), lb/ftl
b NGT = Weight of engine at configuration of interest, 1b

<
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* Several variables are expressed in what appear to be unusual units in order to obtain
_significant figures in the computer output for various equations.




I. INTRODUCTION

Over the past several decades, the U.S. Department of Defense has placed increasing
emphasis on understanding and assessing acquisition strategies and cost considerations
in the development and procurement of new weapon systems. In the present era of budget
constraints, and with an increasing share of the military budget devoted to operating
and supporting forces in being, it has become even more important to be able to measure
the contribution of both new and existing weapon systems to the overall defense posture
in a life-cycle context--that is, their benefits relative to their total life-cycle costs.

Attention has recently focused on attempts to understand and predict total life-
cycle costs for new weapon systems and important subsystems, including aircraft turbine
engines. In this context, aggregation of costs is not enough; the key is to understand
total life-cycle costs in terms of magnitude, distribution among cost elements, and trends
over time relative to the benefits to be obtained. Such cost elements include not only
those of acquisition (development and procurement) of a new weapon system, but also all
the costs of operating and sugporting the system in the field during its inventory life-
time. The latter costs, for both existing and proposed weapon systems, must be more
clearly understood to make effective trade-offs during new developments and procurements.

OBJECTIVE OF THE STUDY

The study of the life-cycle analysis of aircraft turbine engines has a two-fold ob-
jective: (1) to develop a methodology for assessing life-cycle benefits and costs; and
(2) to apply that methodology to imprové understanding of policy options for engine acqui-
sition and ownership.

The problem addressed is the weapon-system planner's lack of detailed information
and a methodology to enable him to make early decisions concerning the selection of a new
engine for a new weapon system, all within a life-cycle context. Accordingly, this paper
presents information on and a methodology for life-cycle analysis, derived from the study
of historical data on military and commercial engines, to provide a weapon-system planner
with an early analytical perspective. This methodology, when backed up with appropriate
data collection, should equip the weapon-system planner with improved early visibility
of the magnitudes, proportions, and trends of costs associated with the various phases of
an engine's life cycle. He should then be able to identify influential parameters that
drive costs and exert leverages between life-cycle phases, and thus be able to assess
trade-offs among quality, schedule, and cost in the search for policies appropriate to
the various phases of a new engine's life cycle.

The major concern in this study, then, is to illuminate the entire life-cycle process
for military aircraft turbine engines in terms of overall benefits and costs and their
interactions. Commercial experience is also investigated to identify practices that the
military might profitably adopt.

The procedure followed was to: (1) develop a theoretical framework for each phase
of the life cycle, one feature of which was use of a technique for assessing the state-
of-the-art advance represented by a new engine; (2) collect and analyze data for each
phase; (3) develop and ‘test parametric cost-estimating relationships (CERs) for each
phase; (4) use the CERs in examples to ascertain behavior and obtain insights into cost
magnitudes, proportions, and trends and to identify cost-drivers and their effects; and
(5) examine commercial practice for cost data and operational and maintenance practices.

BACKGROUND

Aircraft turbine engines are a particularly promising subject for study because:
(1) they are extremely important in weapon-system applications; (2) they are felt to be
the pacing subsystem in aircraft weapon-system development; (3) they represent a large
inventory and budgetary expense; (4) their 40-year history of continuing technological
improvement furnishes a sizable (though fragmentary) data base for analysis; and (5) they
could provide insights, from a subsystem viewpoint, across the life-cycle spectrum, that
may be readily applicable to the weapon-system level. The subject also has an immediate
practical urgency: Engines are a topic of considerable interest today because of prob-
lemz arising in the operational inventory with aircraft grounded owing to engine-related
problems.

RESULTS OF PREVIOUS STUDIES

Many past studies have attempted to shed light on the engine life-cycle process, and
current studies within the military community tend to emphasize life-cycle cost estimates.
The central question is, How much does it cost to acquire and own a new military engine
over its life cycle? No previous study has been able to answer that question fully. It
is obvious that the two major problems are: (1) accurately measuring what has already
taken place; and (2) using such information to predict the future.

The most recent studies examined have been more qualitative than quantitative, or
for the most part have addressed only a portion of the life cycle. (See, for example,
Ref. 1.) Some previous studies have attempted to quantify operating and support costs
and total life-cycle costs for specific engines, but no study to date has clearly and
consistently defined all of the relevant cost elements and obtained their associated

actual costs for any ongoing engine program. Furthermore, no methodology has been pro-
vided for predicting costs for new engines over the entire life cycle. The lack of data

5
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is the persistent obstacle. For existing engines in the USAF inventory, studies of oper-
ating and support costs have been performed with cross-sectional data; in many cases,

they cover only a single fiscal year or even less. For a new engine, the procedure has
been to select a closely similar existing engine and use modified cross-sectional data
from that engine's current experience (usually at steady-state conditions) in an attempt
to project operating costs over the proposed engine's entire life cycle. The combined
lack of disaggregated, homogeneous, longitudinal data and of a reliable methodology for
projecting detailed cost estimates over a new engine's life cycle have frustrated attempts
to estimate life-cycle costs. Furthermore, none of these previous studies have attempted
quantitative calculations of the effect of state-of-the-art advances on life-cycle costs.

All these difficulties have led earlier studies to the erroneous conclusion that
engine base and depot maintenance costs are a relatively minor fraction of total life-
cycle costs for an engine--as little as one-tenth to one-fifth, with the range being af-
fected by whether or not fuel consumption attributed to a mission was considered within
the total cost estimate. These earlier studies suffered from the difficulty of defining
the cost elements associated with each of the phases of the life cycle, and ascertaining
whether these cost elements were consistent over time and whether all relevant cost ele-
ments were indeed included; their results further depended heavily on the data sources
and assumptions they employed. For instance, hourly labor rates used to estimate base
and depot labor costs will vary markedly, depending on the extent to which the direct
labor cost is burdened by applying appropriate overhead charges. Many studies have omit-
ted significant portions of the direct labor-hour cost burden. Another difficulty lies
in assuming that cross-sectional operating and support costs are average costs sustained
over the entire life cycle. The cross-section is likely to have been taken either during
the steady state of a mature engine or during its immature dynamic state; since neither
state is "average," a cross-section can sericusly distort the estimate eithe; up or down.
The impact of advanced technology is to bias cost estimates on the low side.

Previous studies have estimated engine ownership costs in a range of $20 to $200 per
engine flying hour. Recent data obtained for this study indicate that costs can be as
much as an order of magnitude higher (even after adjusting for inflation) for the newer,
high-technology engines for comparable mission objectives. It is possible that some pre-
vious cost figures were valid for earlier weapon systems at specific points in time, but
current systems are tending toward considerably higher average operating and support costs,
and future systems threaten to be even more costly if no actions are taken to change the
direction of this trend. Relying on older engine steady-state costs to directly reflect
new engine average costs over a 15-year time span can seriously underestimate future costs.

II. LIFE-CYCLE ANALYSIS

The life-cycle analysis of a new weapon system must be based on an understanding of
all phases of the life-cycle process, both separately and as they interact. Phases in-
clude concept formulation, validation, development, procurement, deployment, operational
use, and disposal. The life-cycle process extends over two to three decades, depending
upon the quality originally sought and the quality obtained, the length of time spent in
each phase, and the importance of the system in the inventory. The creation of a weapon
system involves many organizations within the Government, military service, and private
industry. While life-cycle analysis must be sensitive to institutional practices, the
central concern of this study is to develop a methodology that can be applied to benefit/
cost trade-offs at the subsystem and system level,

DEFINITIONS AND QUANTITATIVE MEASUREMENT OF BENEFITS AND COSTS

It is often extremely difficult to evaluate quantitatively the benefits to be gained
from a new weapon system. For example, the new system may incorporate a technical char-
acteristic that appzars to provide a marginal improvement at best over a previous system,
but in reality creates a significant combat advantage--but how is that advantage to be
measured? In the commercial arena, the bottom line is profit earned for the service pro-
vided (where safety is one implied part of service), but it is far from easy to assign
a dollar-equivalent to the benefits a weapon system produces in a wartime environment.

In attempting benefit and cost assessments for engines, it must also be recognized that
analysis at the subsystem level must ultimately be related back to the system; engine
output must be measured in terms of its contribution to the weapon system. The true mea-
sures are the engine's impact on weapon-system availability and utilization, mission re-
liability, effectiveness, mobility, and inventory life, It is the task of the weapon-
system planner to transform the output measures dealt with in this study into their ulti-
mate value to the system; the methodology presented here should enable him to do so with
more confidence than has heretofore been possible.

DEFINING BENEFIT MEASURES FOR AIRCRAFT TURBINE ENGINES

The aircraft turbine engine has been characterized as one of the highly significant
inventions of the twentieth century. Certainly, no one can deny the tremendous importance
of the changes its military and commercial applications have wrought on our history and
the way we live. But everything comes with a price tag. It has been said, somewhat
wryly, that the only trouble with a turbine engine is that it weighs something, it gulps

[p—

* Defense programs are not the only examples of this problem. See Ref. 2 for examples in
, the energy sector.
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fuel, it takes up space, it creates drag, and it breaks now and then. Like all other in-
ventions, it has its benefits, and it has its costs.

Benefit measures for an engine hinge on its design, how it is used, and how it af-
fects weapon-system quality. Quality is an extremely complex measure that defies absolute
quantification in a military context. For an engine, it embraces the sum of the charac-
teristics it is to contribute to a new weapon system (performance, durability, reliability,
maintainability, safety), just as life-cycle cost 1s the sum of all cost elements. How-
ever, military quality is partly a subjective matter, more difficult to assess than cost.
How much is an extra 50 miles per hour worth to a fighter aircraft? What is it worth to
have the aircraft available more frequently? In the weapon-system context, it is pos-
sible--and necessary--to arrive at rational dollar figures for the answers, but subjec-
tive judgment will always enter the calculations.

In a life-cycle analysis, we seek to clarify, at least in part, the trade-offs among
product quality, schedule, and total cost. When one characteristic of an engine is
changed, other characteristics are affected. Since guality is a combination of many
things, it is not certain that an improvement in one characteristic of quality necessar-
1ly leads to an overall improvement in quality for the end use desired. For instance, 1if
performance 1s increased to the detriment of reliability, it is not clear that overall
quality is improved if a higher performance aircraft is less available to perform its
mission. In this study, quality is considered closely synonymous with performance in a
military context, and engine performance characteristics will be related to the state of
the art to assess schedule and cost impacts in selecting a new engine.

For military systems, quality has primarily meant performance, with other character-
istics considered secondary. The goal commonly has been to obtain thrust at a minimum
fuel consumption, weight, and installed volume, but other characteristics should be con-
sidered. (Commercial practice emphasizes safety, reliability, and cost.) Durability and
reliability are so closely related that they are somewhat difficult to distinguish; but
durability can be related to design life--the engine's continuing ability to perform the
mission in the aircraft during its inventory lifetime. This may entail consideration of
several system output measures: flying hours, sorties, takeoffs and landings, engine
cycles (throttle movement)}, and calendar time. Reliability can be expressed as the en-
gine's ability to be ready to go on any given mission and to perform it successfully.
Measures of interest are engine removal rates, mission aborts, and time between scheduled
base maintenance and depot repair visits. Maintainability is the ease with which the
aircraft/engine combination can be maintained in the field. Safety can include design
features that may appear to detract from performance--for example, designing engine cas-
ings so blades cannot go through them if they separate from the rotor. Such a feature
increases engine weight but reduces the chance of substantial airframe damage. Environ-
mental impacts include noise and smoke, which can be veduced at some penalty to engine
performance.

The most widely used output measure of ownership cost for a given engine is cost per
engine flying hour. In the future, however, other measures may become more relevant.
With the advent of the high cost of fuel, flying training may be accomplished in fewer
flying hours. But pilots can make fuller use of these flying hours so as not to cut down
on critical portions of their training. Thus, in the future, flying hours may decrease,
but not the number of sorties, takeoffs and landings, and engine cycles; if so, cost per
flying hour may not be an appropriate measure. The cost of maintaining the engine inven-
tory may not decrease even though there is a decrease in flying hours and fuel cost.

This is especially true if maintenance is staffed to handle peak workloads in wartime.
Another measure is calendar time. The longer an engine is out in the field without major
depot rework, the more opportunity it has to undergo corrosive and secondary damage. When
it does finally return to the depot, the damage may be more extensive than might be ex-
pected on the basis of flying hours alone.

Although this study will primarily use engine performance characteristics to roiate
to state-of-the-art and life-cycle costs, and the engine fiying hour as an output meisure
for ownership costs, future data collection efforts should encompass other benefit mea-
sures--notably, sorties, takeoffs and landings, engine throttle executions, and calendar
time.

THE AIRCRAFT TURBINE ENGINE LIFE-CYCLE PROCESS

Just as there is a life-cycle process at the weapon-system level, there is also such
a process at the subsystem level. The subsystems of an aircraft weapon system include ‘he
airframe, engine, avionics, armament, and support equipment. It must be clearly under-
stood that optimizing engine quality/schedule/cost does not necessarily do the same for
the system. In the final analysis, decisions must be made at the system level; however,
understanding the subsystem level can aid in understanding the system level.

The life-cycle process of an aircraft turbine engine encompasses the entire spectrum
of research, development, procurement, and ownership. The requirement for a new engine
is tightly interwoven with the requirement for a new weapon system. Figure 1 depicts
this process, which is iterative during the design phase and makes use of feedback from
operational experience as well as expectations from new technulogy. The characteristics
of the weapon system required to satisfy the military need combine airframe, engine,
avionics, armament, and support subsystems technology; the particular selection of charac-
teristics is based on technical considerations tempered by operationzl experience.

e o e e < 8 g R e <o et 8 e ot < = me




Lt g S o W L et S Y g s B . Do e AN Ay T A S e ang RS SN e e e e

2-5

This study focuses on development, procurement, and ownership; it does not explicit-
ly consider basic research or exploratory and advanced development, the reduction of new
knowledge to hardware, or the testing of advanced prototypes. The process also includes
independent research and development conducted by companies active in the field and re-
search conducted under government contracts. The sum total of these activities consti-
tutes the technological base for aircraft turbine engines.

DEFINING THE LIFE-CYCLE COST ELEMENTS"

The life-cycle cost of an aircraft turbine engine is the sum of all elements of
acquisition and ownership costs. To enable effective trade-off decisions, detailed defini-
tions of those elements are necessary, particularly in terms of what belongs under acqui-
sition cost and what belongs under ownership cost. Table 1 lists those elements as they
are used in this study. There are three columns in the table: (1) engine acquisition
i costs, comprising the RDTEE and procurement portions of the acquisition phase involving
design, development, test, manufacture, and delivery to the field; (2) engine ownership
costs, comprising operating and support maintenance costs for all base and depot activi-
ties; and (3) weapon-system-related costs for fuel and for attrition due to accidents and
catastrophic failures. .

P

Certain cost elements appear under both "acquisition" and '"ownership," as for in-
stance, ECP/mod/retrofit costs. In one situation they are in the '"acquisition' column
because they are associated with enhancement of performance or a change in requirement
that should be attributed to acquisition. In another situation, they are associated
with changes for correction of a deficiency and improvement of reliability and thus are
attributable to ownership. Other costs appearing in both columns include AGE (common and
peculiar), transportation, management, and training. These cost elements are not usually
large in either acquisition or ownership (on-the-job training is significant, but diffi-
cult to separate from all other maintenance labor costs at the base or depot; also, ini-
tial recruitment training is not considered here). Facilities are usually a one-time
expenditure and vary widely from program to program. They are included in the definition,
but will not be considered further in this study. With the increasing complexity of new
weapon systems, peculiar support ~~. nment may become increasingly costly, particularly
if it is considered to include software design and development as well as hardware, and
if simulators and diagnostic systems are regarded as support equipment. This should be
considered in future systems, particularly if engine health monitoring becomes an in-
creasingly important factor in the design of new engines.

Engine attrition and fuel are classified as weapon-system-related because these cost
elements depend primarily on the design and use of the particular weapon system. (Fuel
consumption is a function not only of engine design but also of mission use; attrition

4 rates depend on single-engine versus multi-engine application as well as other features.)

) ATIRCRAFT TURBINE ENGINE DATA

Researchers attempting a life-cycle study of a weapon system constantly run up
against the same obstacle: obtaining all the relevant data required. The problem is
much like trying to put together a jigsaw puzzle when some of the pieces are missing and
other pieces seem to have wandered in from another similar puzzle. Not only must the
researcher comb through a large number of data systems, but there is the additional prob-
lem of inconsistency of data sources--two different data systems not agreeing when both
supposedly use the same data from the same basic source.

The data most readily available for ownership cost-estimating in this study have
been aggregated, heterogeneous, and cross-sectional, that is, gross weapon-system level
or engine-family cost totals for only a few fiscal years and sometimes inconsistently
defined across those years. A sound life-cycle analysis requires disaggregated, homo-
geneous, longitudinal cost data broken down below weapon-system level into consistently
defined categories and available over a considerable period of time, preferably at least
ten years. In general, military practice is to save costs for about three to four years.

For engines, the contractor is the best source of RDTEE/CIP and procurement data,
since he is in the best position to break out the detailed cost elements for each portion
of the costs associated with a particular contract, and he saves cost data for many years.
! These data are valuable to him for analyzing new engine programs, whereas the military
: services, because specific contracts may cover a multitude of items procured by a lump-

sum cost, are hard pressed to attempt a detailed breakout of costs long after the fact.
For instance, an Air Force contract may include not only the procurement of whole engines,
but some allotment to spare parts, management data, field support, and so forth.

The only source of all relevant ownership data is the using military service. It is
critically important to obtain all relevant costs in a particular area. For instance,
; depot costs are a large expense for engines. The total depot cost includes not only
’ overhaul of whole engines, but also repair of reparable parts for whole-engine overhaul,
v the cost of expendable parts, modifications, and the repair of components received

b * In this study, all costs are expressed in constant dollars. Discounting may change
X some of the findings, depending on the distribtuion of cost outlays over the time
horizon of interest and the discount rate assumed.
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directly from the field and returned to the field. Some of these costs have not been
included in previous studies attempting to obtain total depot costs.

The operating base has similar data problems. This is one area in which specific
weapon-system costs are significantly lacking. To obtain cost elements at the base, for
example, the Resource Management System (RMS) is useful for costs associated with spe-
cific base cost centers. This system provides the cost associated with operating the
engine shop. However, several difficulties hamper the collection of engine-related base
costs: The engine shop is not the only source of labor related to engines; costs associ-
ated with the engine shop involve fixing all of the engines on a base, not merely the
engine type of interest; and costs are not separated by weapon system. The analyst there-
fore must exercise care in obtaining the correct costs properly allocated, or apply some
estimation technique that includes allocation.

IITI. AIRCRAFT TURBINE ENGINE LIFE-CYCLE ANALYSIS METHODOLOGY

Aircraft turbine engines have been one of the most successful inventions of the
twentieth century. In revolutionizing certain aspects of military warfare and commer-
cial travel, they have provided to military and commercial users very large benefits for
the costs they have incurred. The benefits include higher performance, which is the pri-
mary objective for the military, and higher reliability, lower cost, and improved effi-
ciency and productivity, which are usually the commercial objectives. Costs have included
large and continuing expenditures in early research, exploratory development, advanced de-
velopment, independent research and development, and the funding of development, procure-
ment, product improvement, and maintenance for specific engine programs.

Military mission requirements have expanded so that fighter aircraft now fly faster
and farther and at higher altitudes or very close to the ground; transports can lift
more payload, fly over a longer distance, and take off and land in shorter distances.
Commercial aircraft are much more productive today in terms of ton-miles delivered with
the advent of wide-bodied jets powered by high-bypass turbofans compared to piston engine
aircraft or even first-generation turbojets.

The attainment of military or commercial performance, reliability, and efficiency
levels requires the judicious use of available technology in determining not only the
level of performance or reliability that can be attained, but when and at what cost.
Performance, schedule, and cost must be considered in a total context at the system level.
Performance and reliability are tied together by the schedule. There is a trade-off be-
tween increased performance or improved reliability with regard to the available tech-
nology at a specific point in time. If improved levels of both performance and reli-
ability are desired, then additional technology is necessary and more time is required to
achieve that level of technology maturation. This is evident from comparing the mili-
tary and commercial experience, although currently commercial objectives are approaching
those of the military in some aspects of performance as well as in attempts to maintain
high reliability.

In looking at the history of the development of specific engine subsystems and air-
craft systems, it can be seen that evolutionary improvements have been obtained during
the past four decades. It appears that the benefits of new engine subsystems in specific
applications, such as military fighter aircraft or commercial transports, have indeed
been worth the technology R§D support. Thus, the overall evolutionary trend of aircraft
turbine engine technology is providing substantial benefits for the costs that have been
incurred, and this is true in both military and commercial applications.

There are two levels at which benefits and costs for engines are usually analyzed:
(1) the macro-subsystem level (the overall engine's performance and installation in the
aircraft system), and (2) the micro-component level (the part or component's impact on
the engine and on the aircraft). At the macro-subsystem level, parametric analysis is
usually employed to select the appropriate design point for a new system prior to exten-
sive engineering design. The available data base of historical engine programs is uti-
lized to obtain parametric relationships. At the micro-component level, detailed engi-
neering analysis is usually employed in evaluating whether an anticipated improvement in
cycle performance, or materials, or a new design technique for a particular part or com-
ponent may be expected to provide a positive benefit. In both approaches value judgment
plays a large role.

This section will present the methodology for a parametric life-cycle analysis of
aircraft turbine engines. An example of a performance/schedule/cost parametric analysis
at the engine subsystem/aircraft system level for the F100 engine and F-15 aircraft will
be provided.

*
PERFORMANCE /SCHEDULE/COST CONSIDERATIONS

The approach employed in this analysis is to use a proxy for the state-of-the-art
advance in engines. The proxy is a time trend of a particular set of aircraft turbine
engine characteristics at the U.S. military 150-hour Model Qualification Test (MQT) date.
A multiple regression technique was used to obtain the equation that predicts the trend
of the 150-hour MQT; the significant variables were thrust. --*-ht, turbine inlet

L
For a more detailed description of the methodology, see Ref. 3, Geniis Saaued
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temperature, specific fuel consumption, and a pressure term that is the product of the
pressure ratio and the maximum dynamic pressure of the engine's operating envelope--all
important performance and technology measures. The initial efforts in obtaining a trend
for military engines concentrated primarily on performance measures since they were most
readily available and the military process has been essentially performance-oriented.
Many additional variables were examined but did not add significantly to the quality of
the model obtained.

The data base for this approach consisted of 26 turbojet and turbofan engines span-
ning a 30-year time period of aircraft turbine engine history (1942 to 1972). Some of
the technological highlights of this time period are shown in Table 2. Although sporadic
surges of technological advance have occurred at various times in specific areas, the
overall trend has been one of reasonably steady evolution. Time can therefore be used as
a proxy for evolutionary change when evaluating performance/schedule/cost trade-offs in
the selection of a new engine for a new aircraft.

The 26 engines in the data base are shown by date of start of development in Table 3;
the detailed data appear in Table 4. The model and the data points are portrayed in
Fig. 2. The 26 points are plotted by the number of quarters of years from an arbitrary
origin, October 1942, when the first U.S. turbojet-powered aircraft flew. The equation
obtained is displayed in the figure.

The statistical qualities of the model are very good, as is shown by the RZ and the
standard error; the F and t tests for the model and coefficients were also extremely sig-
nificant. Perhaps most important, all the variables have entered into the relationship
in a manner consistent with theoretical considerations and operational experience.

As will be shown in the cost analysis to follow, the continuing development of en-
gines after the completion of the MQT when they have entered operational military service
is often more costly than the entire development program up to the MQT. As an illustra-
tion of the application of the time trend technique, an analysis was made of the addi-
tional technological growth of 13 engines after their original MQT. It would be expected
intuitively that the growth version of an engine already in production would have limited
design flexibility, because many of its features are constrained by the existing hardware
and production capabilities. Hence, technology improvement for updated engines should be
slower than that for new engines. This expectation is borne out by Fig. 3, portraying
post-MQT technology growth for 13 engines. The left-hand point of each pair of points
is the original MQT engine, and the right-hand point is the most improved version. The
connecting line indicates the rate of technological growth for each engine relative to
the state of the art. All engines showed growth curves of less than 45 degrees.

To compare commercial experience with the military, a commercial engine data base of
11 points was also obtained. The detailed data for these engines are in Table 5. The
results for the 11 data points relative to the time trend are shown in Fig. 4. The com-
mercial trend line lies below and appears to be approaching the 45-degree-line military
model as time increases. The implication is that commercial engines are more "conserva-
tive" than their performance-oriented military counterparts. It also appears that the
commercial line is converging with the military model, indicating that commercial engines
may approach military engines in the future. Indeed, some engine designers feel that
commercial technology could surpass military technology in the future, especially if
noise abatement and smoke elimination requirements are explicitly considered. All com-
mercial engines were direct derivatives of military programs until development of the
Pratt § Whitney JT9D. The JT9D is the first example of a major new aircraft turbine en-
gine entering commercial service with no prior military experience. Another possible
factor is the absence of new military programs in the early 1960s.

The 11 commercial engines were then added to the data base of 26 military engines,
and an equation was obtained that uses the combined 37-point data base. A dummy variable
(MCDUM) was employed for the commercial engines to differentiate them from the military.
The results are shown in Fig. 5. The indication is that the commercial engines are
more conservative than military engines because of their higher reliability goals. The
dummy variable has a positive value of about ten quarters, indicating that commercial
engines are about 2-1/2 years behind military engines.

The relationship obtained for the performance characteristics sought by the military
or commercial user over time can serve as a proxy for the measurement of the state of the
art with time, In this analysis, not only the time trend but also a time difference (the
characteristics sought at a certain date compared with when those characteristics were
expected to arrive) are employed in a series of cost models to obtain a life-cycle cost
for engines. These models are useful to ascertain the cost effect of not only the trend
of the state of the art, but also whether a particular engine is "pushing'" the state of
the art relative to the trend of time and how that might affect cost.

L]

Table 6 presents the models obtained to date. The state-of-the art trend (time of
arrival) is shown with the other important characteristics sought in an engine, as dis-
cussed above. In addition to all of the models having statistical significance, the
variables entering the models are perceived to behave correctly with regard to theoretical
relationships; they corroborate the experience of the designers and users that the
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direction of the variables is correct, giving additional confidence to the validity of
the models. This is true for all the models presented. For instance, in the state-of-
the-art trend, where it is expected that technology will be improving with time, turbine
inlet temperature is a highly desirable characteristic in an engine; it has indeed im-
proved with time, and we do have a positive coefficient for how it enters the time trend
relationship. Variables that would be expected tc be reduced with time, such as weight
and specific fuel consumption, have negative coefficients. Thrust is positive; the
average thrust size of engines has been growing with time.

We use time trend parameters (TOA and ATOA) in the cost models. For instance, a
model for development cost has been obtained. Here, the development cost of the engine
to the 150-hour MQT is a function of the development time period (how long the engine was
under development), thrust (the physical size of the engine), the A time trend (how the
engine compared to the time trend), and the complexity of the engine (Mach number measur-
ing the flight environment). All of these variables enter positively, all having the ef-
fect of increasing the development cost of the engine. We see similar results in looking
at production costs. We show several ways of achieving development and production costs.
Thus, a method for trading off the acquisition performance/schedule/cost for a new engine
is presented.

To complete an analysis of engine life-cycle cost, models for depot and base costs
are required. These two areas are principal cost elements in ownership of engines (in

addition, whole spare engines and CIP are also considered part of ownership in this study).

Note that these two models each use a different definition of engine flying hour, the
utilization measure that was used for engine ownership costs. Costs incurred at the air
base depend on "consumed" flying hours, the flying hours "restored" by the depot; that is,
the depot repairs engines and restores flying time to the engines and returns them to the
user. In a steady-state situation of supply equal to demand, the user is demanding (con-
suming) in the field and the depot is supplying (restoring) to flying status. Thus, in a
steady-state situation, consumed and restored flying hours would be approximately the
same. A problem arises in the analysis because the life cycle is dynamic. Furthermore,
we have only limited cross-sectional data at the depot (for a year or two) and in any
given year the consumed and restored flying hours can be very different. For instance,
in the initial phase of a program when new engines are being introduced, the fleet may be
flying at a higher rate, yet not many engines would be showing up at the depot until time
is accumulated on them. Thus, consumed flying hours are much higher than restored hours.
Also, across the total program, consumed hours would exceed restored hours because when
an engine is finally condemned and disposed of, it has some flying hours on it (it is not
sent back to the depot to be restored to zero time before being thrown away). Thus, more
hours are consumed than restored during the engine life cycle. In any particular year,
however, more engine hours may be restored in the depot than consumed in the field (for
example, a major modification program may cause engines to be sent to the depot for re-
pairs even though they have accumulated relatively few hours). Thus, these two measures
are important to understand and keep separate; in the depot, the restored flying hour is
the preferred unit for tracking depot costs, and at the base, the consumed flying hour

is the preferred unit for tracking base costs.

The key independent variables for depot and base costs are time between overhaul and
current unit selling price of the engine. At the depot, the average time between overhaul
(ATBO) is of interest--when an engine actually comes in to be fixed. At a base, the maxi-
mum time between overhaul (MTBO) is of concern since it is the policy that sets how long
an engine can stay in the field before it is mandatory for it to be returned to the depot
for overhaul. This is of interest at the base because the base keys its scheduled peri-
odic inspection, which is a major part of the propulsion shop workload, to the MTBO. It
is also interesting to note that the engine unit selling price indirectly brings into the
cost relationships the state of the art in terms of TOA and ATOA because they were uti-
lized in determining the production unit price. Thus, the time of arrival technique is
indirectly represented in the depot and base cost estimation models.

IV. PARAMETRIC ANALYSIS AT THE ENGINE SUBSYSTEM/AIRCRAFT SYSTEM LEVEL

How have the costs of fighter engines changed over the past decades? Does technology
improvement have a payoff? The F-15 will be presented as an example of subsystem/system
level analysis intended to provide some insight into the value of engine technology im-
provements. But first the performance/cost trends of fighter engines will be discussed.

ENGINE SUBSYSTEM LEVEL ANALYSIS

Figure 6 presents a hypothetical baseline program to calculate on a common basis
life-cycle costs for various fighter aircraft engines employed in the 1950s, 1960s, and
1970s. Costs are in constant 1975 dollars; no discounting has been employed in this ex-
ample, nor are any costs allocated for fuel or attrition due to a specific application.
The engines were all "advanced"” for their time.

Using the models derived, Fig. 7 presents a comparison of life-cycle cost breakdowns
for these hypothetical engine programs. 1In spite of increases in development and procure-
ment costs of engines (in constant dollars) from one decade to the next, the ownership
cost portion dominates and tends to represent an increasingly larger portion of the total.
Depot maintenance cost, the largest cost, is the reason for this trend. Miscellaneous
costs were estimated to be approximately 3 percent of total costs for this example. The
table indicates that total life-cycle cost has more than doubled from the 1950s to the
1970s and that the depot is accounting for an increasing portion of that larger cost.
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must be remembered that the 1970s engine is significantly more advanced in technology,
and is larger in thrust and faster in Mach number, than the 1950s engine, and those im-
provements are what the military is paying for in attempting to obtain better weapon
systems.

When these engines are normalized to the trend of technology advance and the same
thrust and Mach number as the 1950s engine, the second set of bars is obtained (Fig. 8).
Analysis reveals that present engines with higher technological content are more expen-
sive than their older counterparts. But what is not revealed by this figure is what
the improved technology is buying: 1lighter, smaller, more efficient engines. These
highly desirable characteristics can only demonstrate their value in a specific weapon
system. We now turn to such an example.

AIRCRAFT SYSTEM LEVEL ANALYSIS

The objective at the system level is to determine how engine technology improvements
interact with specific mission requirements and system/subsystem specifications to obtain
the "best" possible design. It was necessary to seek assistance from an airframe manu-
facturer to obtain the necessary understanding of how system/subsystem interactions de-
pend on a specific mission requirement. McDonnell-Douglas provided assistance in examin-
ing an air superiority mission requirement. The Rand engine life-cycle models and Rand
airframe RDTSE and procurement models were then utilized, together with the airframe in-
formation on system design and fuel consumption for the particular mission requirement,
to determine the costs that are given here.

Certainly, "optimum" answers were not obtainable for the time and effort involved
in this illustrative analysis, but this example can give system-level trade-off considera-
tions, which in turn improve the perception of the usefulness of the subsystem results.

The F-15 air superiority mission was investigated at the system/subsystem level.
This illustrative analysis is of limited scope. A total optimization study for each
particular mission requirement, variation of engine thrust/weight, engine thermodxnamic
cycle, and aircraft configuration would have resulted in a very complex analysis. For
this example, a range of engine thrust/weight ratios was studied for a family of state-
of-the-art engines of the 1960s, 1970s, and 1980s. For analytical simplicity. the thermo-
dynamic cycle of the F100 engine was used throughout the analysis and a fixed procurement
of twin-engine aircraft at a constant airframe technology was an additional ground rule.

Figure 9 presents the results of the variation of parametric aircraft takeoff gross
weight designs with changes in engine thrust/weight ratio for the McDonnell-Douglas F-15
air superiority mission payload and performance. The improvement obtained in reducing
aircraft takeoff gross weight as thrust/weight ratic is doubled is particularly evident.
The design point for the F-15 is shown. It is seen that a considerably smaller aircraft
gross weight (and engine thrust size) results as engine thrust/weight increases. It
should be noted that further improvements in thrust/weight ratio apparently provide much
less reduction in airframe takeoff gross weight for this particular air superiority mis-
sion. Aircraft trade-offs assume equal reliability and availability.

A hypothetical system baseline program is presented in Fig. 10. In this case, the
fuel costs and airframe development and procurement costs are also discussed. For this
F-15 air superiority mission, the F100 engine was calculated to consume 1250 gallons of
fuel per average flight hour (at 44 cents per gallon) with fuel consumption at other
engine thrust/weight design points scaled to the thrust of the engine. At a thrust/
weight ratio of four, for example, the aircraft takeoff gross weight is double that of a
thrust/weight ratio of eight. Fuel consumption was scaled to thrust level. The number
of airframes procured is consistent with the number of engines being procured. RDT§E
and procurement costs assume fixed airframe technology; no airframe operating and support
costs were estimated. Again, in this case the airframe technology remained constant and
only the thrust/weight ratio varied.

The cost results for the air superiority mission at selected engine thrust/weight

values corresponding to aircraft gross weight are presented in Fig. 11. The thrust7

weight ratio of eight is the design point for the F-15. The figure indicates that for

the air superiority mission requirement, increasing the engine thrust/weight ratio lowers
the total system costs, even though more technology is required, resulting in a more ex-

pensive engine. Total cost comprises the engine life-cycle cost, airframe RDTSE and
rocurement cost, and fuel cost. The cost is lower when using the more advanced engine

gecnuse the physical size and weight of the engine and airframe are reduced, resulting

in a smaller airframe to achieve the same mission. Improvement in thrust/weight from
eight to twelve results in little additional cost reduction because the size of the air-
frame is not reduced as much and because the specific fuel consumption is the same (only
the thrust/weight ratio for the engine is varied). Figure 12 shows a second set of bar
charts in which a 50 gercent improvement in ATBO/MTBO for the engine is presented. Again,
notable savings for the engine are achieved, particularly because of cost reduction at

the depot. Thus, in this particular air superiority mission, it would appear that use

of advanced tochno[ogy. resulting In a 50 percent Increase in ATBO/MTBO, would reduce
costs more than if the same technology advance were used to increase the thrust/weight

* An extensive study investigating variations in all these areas would normally be accom-
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ratio from eight to twelve. Overall, advanced technolog{ (from 1950s to 1970s) apparent-
ly saved several billion dollars in this one fighter application in terms of gross weight
reduction of the aircraft system, and further savings are possible if aircraft turbine
engine endurance as well as performance can be appreciably improved.

V. COMMERCIAL CONSIDERATIONS

What lessons can be learned from commercial experience that might be relevant to
the military? The primary concern of an airline is to make a profit, and the primary
operational benefit measure for an airline is aircraft utilization. For engines, utili-
zation is usually expressed in flying hours or operating cycles. The commercial flying-
hour experience is considerably different from the military. The airlines follow estlg-
lished routes with known demand rates for flying-hour segments and takeoffs and landings
over a given calendar period. The U.S. military has varying requirements, except perhaps
for a portion of the fairly well-scheduled airlift fleet. The airlines accumulate engine
ogeratinx hours faster than the military, even for comparable aircraft. The airlines fly
about three times more hours in a given year than the airlift fleet aircraft, and ten
times more than supersonic fighter aircraft. But are there commercial operational and
maintenance practices that the military might consider to improve their capabilities?

OPERATIONAL PRACTICE

Commercial operational practices and procedures also differ from those of the mili-
tary. Operationally, the airlines require pilots to devote considerable "tender loving
care” to their aircraft. The throttle is used only to the extent made necessary by gross
weight, field length, altitude, and tempcrature for takeoffs and landings. On almost all
Air Force aircraft, there is no way to determine how much "hot-time" the engine accrues
during a known mission profile, although there has been some initial work on engine diag-
nostic systems thac count throttle excursions. (The F100 engine on the F-15 aircraft has
such a counter, but it is not yet working well in operational Krnctice.) Squeezing out
the last percent of power is considered very costly to engine hot-section life. Airlines
require flight crews to monitor engine performance in flight and to supply data for trend
analysis of engine performance after each flight. Careful throttle management enables
the airlines to achieve important dollar savings by trading performance for temperature
(and thus parts life). The Air Force could do the same. Since the military operation
of an engine is even further up on the higher end of the power curve (approaching maximum
performance), even a nominal reduction in throttle excursions could yield a significant
improvement in parts life.

MAINTENANCE PRACTICE

Commercial maintenance practice has been extolled as an example the military might
emulate. Airline maintenance practice today has turned away from the military's "hard-
time" philosophy (certain actions are taken at certain times regardless of how well the
engine is operating) toward what is geanerally termed on-condition maintenance.

There is some semantic confusion concerning the meaning of on-condition maintenance.
Current airline maintenance procedures fa!l into three areas: maintenance of life-
limited, high-time parts; condition monitoring of certain nonsafety-of-flight parts for
which there are no fixed time limits; snd on-condition maintenance of critical safety-
of-flight parts that require regular periodic inspections. Various airlines cause con-
fusion by using these terms somewhat differently, but in general they distinguish be-
tween on-condition maintenance and condition-monitored maintenance by the level of in-
spection activity and the effect of the part on safety of flight.

The intent of the on-condition maintenance program is to leave the hardware alone
as long as it is working well and symptoms of potential problems are not developing.
This pgilosophy is not one of "fly-to-failure" when safety-of-flight items are involved.
This maintenance program is expected to reduce the shop visit rate, determine which
parts are causing removals and at what time intervals, increase the engine's accumulation
of flying hours and cycles by maintaining its availability on-wing, reduce secondary
damage resulting from serious failures, and maintain and improve the normal distribution
of failures expected for engines,

Prolonging the interval between shop visits for maturing commercial engines is
equivalent to increasing the average time between overhauls in the military. The result
o} this action is to prevent the truncation of the engine overhaul distribution caused
by fixing the maximum allowable operating time between overhauls and the subsequent large
increases in engine removal rate when maximum hard-time overhaul is reached. Commercial
practice could therefore provide insights to the military on what parts are determining
failure rates and how CIP funds might best be apportioned among various engine problems.

On-condition maintenance has several specific requirements: (1) periodic on-aircraft
inspection of engine safety-of-flight areas at ground stations (borescoping, X-ray, oil
sampling and anagysis. careful examination of the ensine); (2) engine performance checks
and data gathering in flight, where the data are used for trend analysis at a central
data-processing center (usually at the main overhaul facility) to nnticitate problems
before they occur; and (3) tracking of critical parts by part number to keep account of
the amount of operating time and operating cycles the parts have undergone.

When an engine problem is discovered or anticipated from trend analysis, the engine
is removed from the airframe and repaired at a base if possible (by replaciag a part gr
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module, which is then returned to the shop); or the entire engine is sent back to the
shop; or the aircraft is scheduled for a flight to the maintenance base so that the en-
gine can be removed and another engine installed overnight with no loss of scheduled
flight time. It is estimated that 90 percent of engine repair activity is performed at
the shop; very little fixing of hardware is done at bases except removal and replacement
of engines or modules or of major parts easily reached with minimum disassembly. (The
base also performs other tasks primarily concerned with ground inspections, and handles
lube, o0il, and maintenance associated with day-to-day activities.) It may be asked why
the Air Force cannot operate in this manner. The reason is that the airlines operate in
a relatively stable peacetime environment. Some Air Force units may be able to operate
in a similar manner, but others must be prepared to be self-sufficient in an overseas
wartime contingency and thus are required to maintain a larger labor force at the base
level.

When a commercial engine is returned to the shop, the data system is expected to
furnish the engineering and maintenance people with records of how much operating time
has accumulated on particular parts so they can judge whether to fix only the part that is
broken (or that they anticipate will break shortly) or to fix other parts as well while
they have the engine in the shop. They attempt to rebuild the engine to some minimum
expected operating time.

Newer commercial engines are of modular design. Modular means that the engine can
be readily separated into major subassemblies. The intent is to add flexibility to main-
tenance procedures at the shop and at the base. Engines can be removed and replaced over-
night and modules can be "swapped out' at a base in several days, with only the modules
returned to the shop for repair. One result is that airlines turn engines around faster
than do U.S. military depots (15 to 30 days versus 45 to 90 days) and consequently re-
quire substantially fewer spare engines.

The U.S. Air Force has begun to procure modular-designed engines; the F100 engine
on the F-15 is an example. The Air Force is implementing a modular engine maintenance
information system like that of the airlines for keeping track of the operating time on
parts and for helping in decisions concerning the operating life agpropriate for each
module and engine. The Air Force will have to be able to do this kind of analysis at the
depot and base if it plans tc adopt the commercial maintenance philosophy regarding modu-
lar engines and, especially, regarding on-condition maintenance.

Maintenance experience and skill levels are very high in airline central shops. Most
mechanics are FAA-qualified, have a long continuity in service, and with their years of
experience get to know the individual engines and aircraft, since the fleet is not so
large for a given airline. The civilian labor force at the Air Force depot also has con-
siderable continuity of service, but the base inventery and the current practice of com-
pletely disassembling an engine during overhaul and reassembling it with different parts
prevents them from getting to know individual engines--besides which, the engins changes
its identity every time through the depot. It is not clear how much of an edge this
gives the airlines, but airline people consider it substantial. The commercial work force
is also more flexible about scheduling overtime during peak periods and laying off during
slumps. The military depot does not have this flexibility in the short term.

Several airline officials have expressed concern that they have gone too far too fast
with on-condition maintenance as applied to current high-bypass-engine experience. Their
worry is that they might be merely postponing certain problems to a later date. They be-
lieve they are obtaining more operating hours, but at a cost. When an engine finally
does return to the shop, more has to be done to it in terms of parts replacement than if
it had come in sooner. The problem is to determine the "optimum" point. The military
attempt to do so by setting an engine MTBO at some point that the user and supplier be-
lieve is the optimum in terms of operational availability on the one hand, and the amount
of work required when it is returned to the depot, on the other hand. The choice lies
between the two extremes; a short-fixed-time philosophy is one, and on-condition mainte-
nance running to failure or close to the anticipated point of failure is the other. There
may be some optimum intermediate point derived from a combination of hard-time and on-
condition maintenance, and this optimum could vary, depending upon the individual airline
or military situation. One airline's (or service's) optimum is not necessarily another's
because of differences in route structure and ogerating conditions (mission), utilization
of the fleet, economic environment, and so forth. At any rate, it would appear desirabdble
for the nilitarz to move away from its strict hard-time philosoghy, but no doubt there is
some point on the on-condition maintenance spectrum beyond which it may not be desirable
to go for the sake of economic efficiency. Appropriate data are required to assist in
seeking this optimum.

COMMERCIAL ENGINE COSTS

What does it cost the airlines to own and operste their commercial engines? Do they
do a better job at cost control than their military counterparts? These questions are
more difficult to answer than would first appear, even though manufacturers preserve s
great deal of engine cost data over a period of time for their cost analyses. (Airlines
are also required to provide certain cost data to the Civil Aeronautics Board (CAB),
separated into certain cost categories.)

Because accou?ting racticosinopor:tions and economics vary among airlines, howsver,
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conditions. Therefore, difficulties arise in attempting to use airline cost dats direct-
ly. The purchase price of an engine that an airline reports to CAB may reflect the cost
of the entire pod, which is the total installed engine in its nacelle ready for mounting
on the aircraft wing, or it may reflect the bare engine and certain spare parts. It may
also include, as in the case of reported Air Force contract prices, spare parts and ac-
cessories, technical data, and field service costs. Thus, it may be difficult to use the
aggregated data reported to CAB to arrive at standardized procurement costs that will be
comparable among the commercial airlines. At least an estimate can be obtained, however,
if it is known whether the purchase was for a bare engine or & podded engine, and if some
idea can be gained of what additional costs are involved in the purchase price.

The matter of proprietary information can be a further stumbling block. To gather
information on military engines for this study, it was necessary to go to the manufac-
turers for disaggregated, homogeneous, longitudinal data. They were willing to supply
military data on a proprietary basis, but they were not willing to supply commercial cost
gatg at all, except in the most unusual circumstances and then only on a very limited

asis.

In sum, the analyst faces the dual difficulty of determining the content of the CAB
data and of obtaining information the airlines and manufacturers consider highly pro-
prietary. Thus, the major problem in comparing commercial and military engines is gener-
ating comparable costs. At present, the most pressing need is to understand what the
commercial cost data actually include; nor is it sufficient to do so for only a one-year
or two-year cross-section. Cost analysts in both the engine industry and the airline
industry agree that five to seven years worth of historical data are needed to gain a re-
liable picture of the trend for a particular piece of equipment. This appears to be true
for both technical and economic reasons.

Analysis of Available Data

Figure 13 depicts an approximation of typical 14-year life-cycle costs for the older
first- and second-generation commercial turbojet and turbofan engines. New third-genera-
tion high-bypass engines may be different in terms of cost magnitude and proportions, and
their life-cycle may be extended to cover their higher costs, with depreciation spread
over more years--perhaps 16 rather than 14. The figure reveals that 75 to 80 percent of
cost is ownership. It should be recalled, however, that the procurement cost of the en-
gine includes allocations for development and IR§D, and certain ownership cost (spare
parts purchases) also includes, besides CIP and warranty add-ons, a charge for develop-
ment; consequently, acquisition and ownership costs are not cleanly defined even for air-
lines. It is interesting to note from the figure than an airline buys an engine twice
over in spare parts alone during its operational lifetime.

Data obtained from five commercial airlines in the course of this study indicate
that the older and smaller turbofan engines such as the JT8D and the JT3D are costing be-
tween $500,000 and $100,000 per shop visit for engines that have been operating for 2000
to 4000 hours, while the newer and larger high-bypass engines such as the CF6, JT9D, and
RB-211 are costing between $100,000 and $200,000 (1975 dollars) per shop visit for engines
that have been operating for 1000 to 2000 hours. The cost range appears to be affected by
the size of the engine, the state of the art, engine maturity, usage since the last shop
visit, and airline policy on refurbishment to some minimum operational time prior to the
engine's next shop visit. The costs are quite different from those obtained from the
military for comparable engings with similar operating experience. Airline shop costs
are apparently fully burdened” and reflect around 90 percent of base and shop costs com-
bined. At the military depot, a cost increment of at least 50 to 100 percent must be
added to the major overhaul cost to obtain the total depot cost per engine processed in
a given year.

What does it cost to maintain a commercial engine? From the data presented, owner-
ship constitutes 75 to 80 percent of total life-cycle cost (not including fuel). The
first- and second-generation commercial engines are estimated to have a peak cost of
asround $40 to $80 per flying hour for ownership and $50 to $100 per flying hour total (all
costs are expressed in 1975 dollars). Steady-state costs with the advent of maturity
fall to a range of $20 to $30 per flying hour for engine maintenance. Peak costs appear
to be two to three times steady-state costs. A total of about 35,000 to 45,000 operating
hours in a 14- to 16-year period is expected. New third-generation high-bypass engines
will peak at well over $100 per flying hour if the same percentage breakdown applies.

The airlines hope that long-term steady-state ownership costs can be reduced to around

$40 to $50 per flying hour when maturity is attained for these new-generation engines.
Since these engines are of higher technology, with at least twice the thrust and consid-
erably inﬁroved specific fuel consumption, they are expected to be well worth the higher
cost to the airlines in the service they will provide with the new wide-bodied transports.

In examining the available commercial cost data over a number of years, a general
cost profile trend is distinguishable. A hypothetical cost profile is shown in Fig. 14.
It presents expected cost patterns on the basis of consumed and restored engine hours
with peak, average, and steady-state values indicated. Also shown are two general prob-
lem areas that seem to occur in engine maturation: an early peak (occurring usually
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because of problems in the hot section in the engine's maturation) and later on, an addi-
tional hump on the way to steady-state conditions (some cold-section problems tend to
show up later). Shop visit rates show the same pattern (leading the reported cost data
by six to nine months because of reporting delays). The JT9D, operating since 1970, ap-
parently is approaching maturity and will be an interesting example to watch as an indi-
cator of cost differences between the current generation of high-bypass engines and pre-
vious generations' experience. It does appear that the high-bypass engines are at least
twice as costly to operate. The question still to be answered by the operators is whether
or not they will be as profitable as expected in the long term. They were expected to
return their investment and increase airline profits when they were purchased in the late
1960s. The difficulty has been the slower than expected increase in air transportsation
growth in the early 1970s. One indication that things may be different for a high-bypass
engine is that some airlines are now using 16 years as the depreciation period for tax
purposes rather than 14 years, because these newer engines are not accumulating flying
time as rapidly as the older engines at similar points in their life cycle. Consequently,

the extra time is needed to achieve the expected 35,000 to 45,000 operating hours on the
hardware.

In short, it is possible to construct a cost profile for the life cycle of an engine.
The data examined here are consistent with the general trend indicated regarding matura-
tion and steady-state operation. This commercial cost profile of peak, steady-state, and
average costs should be helpful in attempting to understand overall military life-cycle
costs, which should behave similarly (at perhaps a higher cost level). The use of only
cross-sectional data to estimate costs for a given engine can be misleading if the engine's
relative position in its overall life cycle is not understood, and if the data are heavily

weighted to the steady-state situation, when overall average costs are needed to determine
overall life-cycle cost.

VI. ENGINE MONITORING SYSTEMS

How can operational data be obtained for users to understand day-to-day problems and
costs, for military planners to obtain required data for engine life-cycle cost models,
and for the engine designer to obtain the feedback necessary to improve current designs
and future generations of engines? The use of engine monitoring systems has received
increasing emphasis lately, with these objectives in mind. The experiences gained from
several military and commercial aircraft turbine engine monitoring systems over the last
decade and a half were examined in this light (see Ref. 4). Table 7 lists the six sys-
tems examined. They span the gamut of military and commercial, U.S. and British, and
fighter and transport applications. The examination reveals that two different approaches
to engine monitoring have evolved in attempts to achieve the varied goals of improved day-
to-day engine operations, maintenance, and management, while reducing long-term support
costs and providing feedback to engine designers. The first approach concentrated on the
short-term day-to-day operations, maintenance, and management practices and was usually
accomplished by recordin¥ in-flight data in a snapshot mode, i.e., a few seconds of data
either at predefined performance windows or when certain engine operating limits are ex-
ceeded. The second approach focused on the long-term design-oriented cost reductions
through improved knowledge of the engine operating environment. To achieve the design-
oriented benefits, data must be recorded continuously on at least a few aircraft at each
operational location for each type of mission.

U.S. monitoring systems have initially focused on short-term maintenance-oriented
benefits, whereas the British initially develoged a system that focused on long-term,
design-oriented benefits. The benefits of each are listed in Fig. 15. From a life-cycle
analysis viewpoint, it would seem that both types of benefits are worthy of consideration
in any new monitoring system. Both countries are now moving in that direction.

In addition, ongoing engine duty-cycle research being conducted by the U.S. military
services was also reviewed. This research domonstrates that neither the services nor the
engine manufacturers have a clear idea of fighter aircraft engine operational usage--i.e.,
of power requirements and throttle transients on actual mission flight profiles. Figures
16 and 17 present one example for a U.S. Navy fighter, comparing the design power required
cycle and actual mission power required cycles during operation. As a result of this
lack of knowledge of the correct duty cycle, engine parts life has generally been over-
estimated and expected life-cycle costs have been understated. While this situation has
improved during the past several years, further improvement is clearly needed. Expanded
testing during an engine development program is one solution.

Much uncertainty exists about the benefits and costs (increases and reductions) at-
tributable to engine monitoring systems. It is clear, however, that the narrow sense of
cost savings over the short term should not be the sole criter{on on which engine monitor-
in, systems are judged. 6 The potential benefits of anticipated maintenance, improving
maintenance crews' undorst:nding of problems as they arise, verifying that maintenance
is properly performed, establishing relevant engine test cycles, and the effects of future
on(inc design--all of which we are unable to quantify to date--have substantial value.
This is especially so when the U.S. military services are moving to an on-condition main-
tenance posture ss envisioned for the F100 and TF34 engines. Also, the modular design
of the engine requires some type of sophisticated fault isolation as the engine matures
if on-condition maintenance is to be applied st the engine component level.

The U.S. military continues to investigate and develop turbine engine monitoring
systems for engines recently introduced into service and for future engines. The obl -
tives of any new engine monitoring system should include the valuable contribution that
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continuous recorded data can make to the engine designer over the long term. Of par-
ticular importance to new engine design and new applications of current engines is the
correlation between testing and operational duty cycles. Engines with different appli-
cations will have quite different mission profiles and each application should be tested
to its relevant duty cycles. Such information should help the services in maturing ex-
isting engines during comporent improvement programs, as well as in feedback to future
engine design programs, especially now that reliability, durability, and cost issues are
apparently on an equal footing with performance. Future aircraft turbine engine life-
gycle agaiyses should benefit immeasurably from the availability of such information and
etaile ata.

CONCLUSIONS

This paper has presented the results of a study that described a methodology derived
from historical data for life-cycle analysis of aircraft turbine engines. The methodology
was applied at the engine subsystem and aircraft system levels to demonstrate the insights
and information that could be obtained. The methodology enables the weapon-system plan-
ner to acquire early visibility of cost magnitudes, proportions, and trends associated
with a new engine's life cycle, and to identify “drivers™ that increase cost and can
lower capability. The procedure followed was to develop a theoretical framework for each
phase of the life cycle; collect and analyze data for each phase; develop parametric cost-
estimating relationships (CERs) for each phase; use the CERs in examples to ascertain
behavior and obtain insights into cost magnitudes, proportions, and trends, and to iden-
tify cost-drivers and their effects; and examine commercial experience for cost data and
operational and maintenance practices.

The methodology was applied at the engine subsystem and aircraft system levels for
a military fighter aircraft to demonstrate that decisions about engine performance/sched-
ule/cost must be made at the system level. Commercial considerations were also discussed,
as was some limited historical experience on engine monitoring--an approach to obtaining
the necessary information and preocedures for performance and cost feedback to the opera-
tional user, military planner, and engine designer.

The study was prompted by the steadily escalating costs of acquiring and cwning
turbine engines for both military and commercial users. Most of the causes are readily
apparent. Demands for higher overall quality--meaning performance, primarily, for the
military--have resulted in larger engines that produce greater thrust, run hotter, are
costlier to maintain, and entail higher basic engine prices. Material costs associated
with engine price have also risen rapidly in the recent past; over the long term, how-
ever, labor costs, primarily in the manufacturing sector, have risen proportionately more
so.

The chief problem confronting this study, as it has confronted past researche:s, was
the lack of disaggregated, homogeneous, longitudinal ownership data that are specific to
particular engine types, notably at the base and depot level. The collection of such
data will be necessary for perfecting the methodology, which weapon-system planners can
then use to calculate the costs and benefits of a proposed engine for a new aircraft in
the early stages of planning and selection.

For a new military engine (acquired and owned under conditions similar to those of
previous engines constituting the data base) that will have an operational lifespan of
15 years, the findings indicate that:

o Engine ownership costs are significantly larger than and different from those
found in previously published studies. For instance, engine depot and base
maintenance costs, not including fuel and attrition, can exceed engine acquisi-
tion costs. This finding is true for current fighter and transport engines.

o Depot costs alone can exceed procurement costs.

) Component improvement programs (CIP) conducted during the operational life of
an engine can cost as much as it did to develop the engine to its initial model
qualification.

° If component improvement and whole spare engine procurement are considered owner-
ship costs, then ownership currently constitutes at least two-thirds of total
engine 1life-cycle cost. This is true for current supersonic fighter and sub-
sonic transport/bomber engines.

o Satisfying results, in terms of statistical quality, theoretical behavior, and
experience from past programs, were obtained from modeling performance/schedule/
cost relationships for the development and production of military engines; mixed
butipromising results were obtained in modeling ownership costs for military
engines.

0 Application of the models derived in this study indicates that there is a con-
tinuing trend toward higher ownership costs, measured in both absolute dollars
and as a percentage of total life-cycle costs. Increasing depot cost is the
primary reason for this trend. The production cost of the engine (and its
pa{:si is a contributor to depot and base support costs, but so are ownership
policies.
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o The engine maturation process must be more fully understood if improved analyti-
cal results are to be obtained and applied to new engine selection. It takes an
engine a long time to mature (commercial experience indicates five to seven
years). Consequently, average ownership costs are significantly higher during
that period than mature engine steady-state costs in terms of dollars per flying
hour, the yardstick most commonly used. It is believed that engine monitoring
systems Will assist in providing designers with the necessary information in
the future.

o Finally, and most importantly, the selection of engine design parameters and

the appropriate engine technology level and performance/reliability criteria
must be made at the aircraft system level.
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TABLE 1
F : Classification of Life-Cycle Costs
Weapon-
Cost Element Acquisition Ownership System-Related
RDT&E X
Flight test X
Tooling X
Proc. of install engine X
CIP X
Spare engine X
Spare parts (base/depot) X
Depot labor X
1 Base labor X
ECPs—mod/retro X X
AGE (peculiar/common) X X
Transportation X X
Management X X
Facilities X X
Training X X
Engine attrition X
Fuel X
TABLE 2
Synopsis of Aircraft Turbine Engine Developments
Early 19408 Early 19508 Late 1960s
(WWII) Late 1940s {Korean War) Late 1950s Eady 1960s (Vietnam) Eerty 1970s
Engine Types
“Turbojet, Turbojet Turbojet,
Turbojet, Turbojet, turboprop/ turboprop/ turboprop/
turboprop/ turboprop/ turboshaft, turboshaft, turbosheft,
Turbojet Turbojet turboshaft turboshaft turbofan turbofan turbofan
Trends in Engineering Development
Is d thrust Augmentat High pressure Cooled turbine Supersonic High-bypass High thrust/weight
ratio, variable turbofan turbofan (military
Centrifugal to Two-posi tat Mach 3 and commercial)  High component
axial compressor nozzle Multidesign performance
Titanium begins to Small lightweight point missi High P
Single-desig:: Stainless steel, pl Jumi gt turbine High-temperature F
point mission aluminum, con- Superalloy materials
ventional steel Sustsined Commercial turbojet  materials Cooling techniques
Limited use of supersonic flight Cooling techniques ]
high p Higher p: Subsonic turbofan Lightweig'it 3-spool rotor §
steels; primarily ratio, dual rotor Small helicopter design Composite materials 3
conventional steels engines Titantum and Compatibility {
superalloy material Component integration
Reliability/ improvements improvements
durability Increasing
Transonic compressor C: ial histicati
Moderately higher turbofan of development
turbine temperature
Commercial technol- P
ogy and require-
ments becoming as
advanced as military
Companies
Gengral Electric Allison Allison Allison Allison Allison Allison
Westinghouse Boeing Boeing Boeing Boeing Continental Continental
Curtiss Wright Continental Continental Continental Garrett Garrett
Fairchild Curties Wright Curtiss Wright Curtiss Wright  General Blectric General Electric
General Electric Fairchild Fairchild Garrett Lycoming Lycoming
Pratt & Whitney General Electric General Electric General Electric Pratt & Whitney Pratt & Whitney
Westinghouse Lycoming Lycoming Lycoming
Pratt & Whitney Pratt & Whitney Pratt & Whitney
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Dates of Development Initiation for the US Aircraft

TABLE 3

Turbine Engine Data Base
Early Late Early Late Early Late
1940s 1940s 1950s 1950s 1960s 1960s
J3OW JAOW J52 PW J58 PW TF34 GE
J31 GE J42 PW J65 CW J6o PW TF39 GE o
J33 GE/A J46 W J6és C J85 GE TF41 A
J34 W J47 GE J15 PW TF30 PW
J35 GE/A J48 PW J79 GE TF33 PW
J57 PW
J71 A
J73 GE
NOTE: W = Westinghouse; GE = General Electric; A = Allison; PW =
Pratt & Whitney; C = Continental; CW = Curtiss Wright.
TABLE 4
Technical Data for US Military Aircraft Turbine Engines
Turbine Specific
Inlet Thrust Pressure Fuel Max.
Temp. Max. Weight Ter? Consumption Mach Dia. Length MQT
Engine (’R) {1b) (1b) (Ib/ft*) (Yb/hr/lb) No. (in.) (in.) (qtr)
J30 1830 1560 686 15756 1.17 0.9 19.0 94 17
J31 1930 1600 850 1710 1.25 0.9 41.5 72 11
J33 1960 3825 1875 3400 1.22 1.0 50.5 103 19
J34 1895 3250 1200 3400 1.06 1.0 27.0 120 27
J35 2010 4000 2300 3400 1.08 1.0 40.0 168 21
J40 19856 10900 3580 5750 1.08 1.8 41.0 287 45
J42 1825 5000 1729 3640 1.25 1.0 49.5 103 25
J46 1985 6100 1863 6626 1.01 1.8 29.0 192 44
J47 2080 4850 2475 53756 1.10 1.0 37.0 144 26
J48 2030 6250 2040 4880 1.14 1.0 50.0 107 33
352 2060 8500 2050 12840 0.82 1.8 31.5 150 74
J57 2060 10000 4160 11400 0.80 1.4 41.0 158 41
J58 (a) (a) (a) (a) (a) (a) (a) (a) 87
Jeo 2060 3000 460 10360 0.96 1.0 24.0 80 7
Jéb 2030 7220 2816 8500 0.92 18 38.0 127 46
Jéo 1985 920 333 3400 1.12 1.0 22.0 44 56
J71 2160 95670 4090 11000 0.88 1.5 40.0 196 47
473 2060 8920 3826 8750 0.92 1.9 37.0 147 49
J76 2060 235600 5950 16724 0.80 2.0 43.0 2569 659
J79 2160 16000 3225 18056 0.87 2.0 37.6 208 57
J8b 2100 3850 570 10360 1.03 2.0 20.0 109 74
TF30 (a) (a) (a) (a) (a) (a) (a) (a) 92
TF33 2060 17000 3900 19240 0.52 1.0 53.0 136 71
TF34 (a) (2) (a) (a) (a) (a) (a) (=) 120
TF39 (a) (a) (a) (2) (a) (a) (a) (a) 109
TF41 (2) (2) (s) (a) (a) (a) (a) (a) 107

%Deleted for security or proprietary reasons.
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TABLE §
Technology Data for Commercial US Turbine Engines
Turbine
Inlet Thrust Pressure Period of

Temp. Max. Weight Term SFC MQT Development
Engine CR) (1b) (ib) (ib/ft2) (ib/hr/1b) (qtr) Initiation
JT3C 1996 13,500 4234 11,0560 0.78 59 Late 19508
JT4A 1995 15,800 5020 10,200 0.80 59 Late 1950s
JT3D 1995 17,000 4150 11,050 0.52 7 Late 1950s
JT8D 2180 14,000 3160 13,600 0.59 81 Late 19508
JT12 2000 2,700 465 5,626 0.96 71 Late 19508
CJ805-3 2100 11,200 2800 11,050 0.83 71 Late 1950s
CJ805-23 2100 16,100 3800 11,050 0.56 71 Late 1950s
CJ610 2060 2,850 399 5,780 0.99 82 Early 1960s
CF700 2100 4,125 725 5,525 0.65 87 Early 1960s
JT9D (a) (a) (a) (a) (a) 107 Late 1960s
CFé6 (a) (a) (a) (a) (a) 112 Late 1960s

3Deleted for security or proprietary considerations.
TABLE 6
Military Life-Cycle Analysis
(In 1975 dollars)

State-of-Art Trend TOA26 = -856.38 + 110.10InTEMP + 11.41/n'TOTPRS - 26.08/nWGT - 16.02inSFCMIL
R2 = 96 (5.8 3.1) (5.1) (2.8)

SE=6.9 +18.37InTHRMAX
F = 92.0 (5, 20) (2.8)

Development Cost ($M) inDMQTC = -1.3098 + 0.08538DEVTIME + 0.49630InTHRMAX + 0.040994TOA26 + 0.41368InMACH
RZ= 96 (7.6) (7.1 (4.9) (2.3)
SE = .18

F =557 (4,9)

Component Improvement
Cost ($M):
R2 = 88
SE = .29
F = 60.5 (3, 22)

Total Development
Cost ($M)
R2=.94
SE = .18
F =114.8(4,29)

1000th Unit Cost ($M)
R2 =95
SE = 215
F = 63.0 (4,13)

Cumulative Production
Quantity Cost ($M)
R2= 97
SE = 22
F = 501.7 (6, 81)

Depot Maintenance Cost
Per Engine Flying Hour
Restored ($/EFHR)

R2 = .97
SE = .22
F=676(4,7)

Base Maintensnce Cost
Per Engine Flying Hour
Consumed ($/EFHC)

R2=.79
SE = .26
F=10.0(3,8)

InCIP = -2.79026 + 0.78862InTHRMAX + 0.04312/TOA26 + 0.007220PSPAN
(9.1) (5.7) (2.5)

InTDC = 0.97355 + 1.23809InMACH + 0.07345(nQTY + 0.40386(nTHRMAX + 0.009182TOA26
(10.3) (6.8) (8.5) (2.1)

InKPUSP = -8.2070 + 0.70532InTHRMAX + 0.00674TOA26 + 0.45710inMACH + 0.018044TOA26
(9.2) (2.8) (2.8) (24)

InPRQTYC » -7.8504 + 0.8697InQTY + 0.82204InTHRMAX + MFRDUM + 0.018582TOA 26

(45.) (24.) (6.) 5.
+.34478InMACH + 0.00277TOA 26

4) (2.4)

InDCEFHR = 2.76182 - 0.90604/nATBO + 1.26074InCPUSP + 0.011040PSPAN - 0.022454TOA26
(10.2) (4.2) (2.2) (1.9)

InBMCEFHC = 3.50819 - 0.47457InMTBO + 0.012990PSPAN + 0.56739InCPUSP
(4.5) (2.2) (1.8)
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TABLE 7 ]
Engine Monitoring Case Studies
_ Application
3 System (Engine/Aircraft) Time Period
5 Time-Temperature
! Recorder J57/F100D 1967-1969 b
A3 Engine Health Monitoring
System J85/T-38A 1973-1977
Malfunction Detection
Analysis Recording
System TF39/C-5A 1969-Present ]
In-Flight Engine ,
Condition Monitoring 1
System TF41/A-7E 1973-Present
Airborne Integrated Data
System Commercial 1969-Present
Engine Usage Monitoring
System British Aircraft Early 1970s~Present
Airframe {
Military and Avionics FS'yIslen:g System Operational . 1
Need . .:;o; a.inn Dc:el::r:em Production Service b E
Technology Sy Dﬁ:::::ﬂ Engine Engine Component ‘
Base = Requirement and Full-scale Production Imp " i
Programs ety Detaited Design Development Programs j
i
- Engine 1
Technology Preli Y o] 4
Forecast Design and 1
Data E
Experience System
from __J Preliminary L
Current Design
Programs Evaluation

Fig.1  Aircraft turbine engine design and development process
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HYPOTHETICAL PROGRAM: 1975 DOLLARS

5 YEAR DEVELOPMENT (ADVANCED ENGINES)

15 YEAR OPERATIONAL SPAN

6 MILLION ENGINE FLYING HOURS CONSUMED (OPERATIONAL)
5 MILLION ENGINE FLYING HOURS RESTORED (DEPOT REPAIR)
1935 ENGINES
90% LEARNING (PRODUCTION)

75071200 ATBO/ MTBO

NO FUEL OR ATTRITION INCLUDED

TOTAL
LIFE-CYCLE
Cost
BILLIONS
OfF 1975
DOLLARS

Fig.7

Fig.6 A life-cycle cost example (fighter engines: 1950s/1960s/1970s

~N)

(J79) (TF30) (F100))

19605 1970
(TF30) # 100)

Life-cycle cost trend example (advanced engines: growth thrust, MACH)
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Fig.8 Life-cycle cost trend example (advanced engines: growth thrust, MACH;
TOA trend engines: constant thrust, MACH)

== Fixed Force Size

= Twin Engine Configurations

2.00 -
LIS
RELATIVE PO
AIRCRAFT 1.5}
TOGW Lo b

0.75 McDonnell F-15 Air Superiority Mission

{Fixed F 100 Engine Cycle—Fixed F-15

# Airframe Technology)
A 1 1 |
MY 1.0 1.5

RELATIVE ENGINE THRUST/WEIGHT RATIO

Fig.9 Mission requirement impact on aircraft takeoff — gross weight and
engine thrust/weight tradeoff
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BILLIONS
19758

ENGINE

® 1975 DOLLARS

@ 5 YEAR DEVELOPMENT

©® 15 YEAR OPERATIONAL SPAN

©® 6 MILLION ENGINE FLYING HOURS CONSUMED (OPERATIONAL)
® 5 MILLION ENGINE FLYING HOURS RESTORED (DEPOT REPAIR)
® 1935 ENGINES PROCURED

©® 90% LEARNING (PRODUCTION)

© 750/1200 HRS ATBO/MTBO

©® F15/F 100 — 1250 GAL/FH @ 44¢/GAL WITH FUEL
CONSUMPTION SCALED TO THRUST

© ATF/F100 — 1100 GAL/FH @ 44¢/GAL WITH 10%
SFC IMPROVEMENT FOR ADVANCED ENGINE

AIRFRAME

16

"

10

—

-

=

FUEL

AIRFRAME
ROTa&E

PROCUR.

ENGINE |-
Tice

©® 1975 DOLLARS

© 729 AIRFRAMES PROCURED

©® RDT&E AND PROCUREMENT ONLY
©® FIXED AIRFRAME TECHNOLOCY

Fig.10 Hypothetical baseline program

AIR SUPERIORITY MISSION
TREND ENGINES

FIXED ENGINE CYCLE-F 100
FIXED FORCE 812€

TWIN ENGINE CONFIGURATIONS
FIXED AIRFRAME TECHNOLOGY
(McDONNELL -DOUGLAS DESIGNS)

AND

TW=4
(1900's)

0 3
ATBOMTRO 750/1200 780/1200 780/1200
Nt ——r

\————— e ——
TWe=0 ™7™ =12
(1970%) (1980%)

Fig.11 System-level cost differences with engine thrust/weight variations
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Fig.12 System-level cost differences with engine thrust/weight
and-depot repair variations
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Fig.13 Typical 14-year life-cycle costs for first — and second-generation
commercial turbojet and turbofan engines
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Fig.14 Cost profile for commercial turbine engines

MAINTENANCE ORIENTED
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@ MAINTENANCE
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Fig.15 Summary of engine monitoring systems outcomes
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POWER REQUIRED

ENGINE START ENGINE STOP
MISSION TIME

Fig.16 F-14 proposed power required profile

= RFP
= FLIGHT TESY DATA
IMPACT ON ENGINE COMPONENT LIVES

j : ORIGINAL  REVISED
DESIGN LIFE EST. LIFE
COMPONENT (HOURS)  (HOURS)
Ist FAN DISK 80 "~ 900
10th COMPRESSOR DISK 4000 1400
1st TURBINE DISK 5600 900
v
ENGINE START ENGINE
MISSION TIME

Fig.17 F-14 actual power required profile

Source of Figures 16 and 17 is Ref.S
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DESIGN TO LIFE CYCLE COSTS
INTERACTION OF ENGINE AND AIRCRAFT

by
E J JONES
United Kingdom Ministry of Defence

SUMMARY

The distribution of Life Cycle Costs for a typical combat aircraft between airframe,
avionics and engine is discussed. The distribution of Life Cycle Cost for the aircraft
between development, production, initial support and operation and support is compared
with the distribution for the engine. The effect of fleet size and service life upon
the Life Cycle Costs are indicated. The large commitment of Life Cycle Costs early in
the conceptual and feasibility phase of the programme is indicated. The choice of
engine 1s an example of this early commitment. The relative effect of the

choice of single or twin engine installation, of a de-rated engine or the use of an
existing engine upon the engine Life Cycle Costs and the interaction with aircraft
costs is discussed. The severe operating conditions for the engine of a combat
aircraft are reviewed. Reduced support costs are not expected to give a large-fold
return on extra engine development investment,

Copyright @ Controller HMSO London 1980




DESIGN TO LIFE CYCLE COSTS
INTERACTION OF ENGINE AND AIRCRAFT
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INTRODUCIION

1. The particular aspect of the Design to Life Cycle Costs (DTLCC) which is discussed
is the interaction and contribution of the engine to aircraft Life Cycle Costs (ICC).
This necds to be explored before an optimum decision and programme for DTICC for the
entire aircraft may be made. There is an implicit assumption that the criterion for
deciding the optimum may be defined and agreed; that is perhaps not least of the
roblems., Design to Cost (DIC) and more recently peacetime Design to Life Cycle Cost
fnmzcc) have engendered a great deal of enthusiasm, but the criterion for DTICC is by
no means clear, apart from the obvious desire to have aircraft better in all respects
at lower costo. Better reliability is sought but it is not clear whether this is to
reduce operating and support costs or to reduce LCC or for the quite different benefits
of improved aircraft availability.

LIFE CYCLE COSTS

2. Predictions of ICC are of great value, if not essential, for various trades off
of different design features to be assessed, and this may be the greatest importance
of DTICC.

3. Por analysis of the Life Cycle Cost of an aircraft it is convenient to consider
the main technology sub-systems of Airframe including hydraulic and electro-mechianical-
equipment, Avionics and Engine. It is also instructive to consider the ICC for the
variqus programme phases of the project, ie

Development including definition
Production Acquisition ‘
In Service Support - Initial and ongoing - and operation.

In the discussion UK terminology - perhaps it is jargon - is used, but the terms are
broad and sufficiently general for my argument without the need for detailed definition.
All the avionics or engine costs for the flight development programme are ascribed to
those sub-systems.

4. TFor some purposes the distinction is made between the front end investment or non-
recurring costs which include development, production and initiazl support, and the
recurring operating and support costs.

5. At an early stage of a programme development and production costs may be predicted
with some confidence but there is much less experience and less confidence in the
ability to predict operating and support costs. Nevertheless LCC are required and
should be considered from the earliest phases to assist formulation of the concept and
configuration of the aircraft; indeed for rational decision whether a new design is
required or whether an existing design should be adapted or even whether available
aircraft should be modified, upgraded or retro-fitted to satisfy the staff target or
requirement the prediction of LCC at an early phase is essential.

DISTRIBUTION OF ICC

6. Various distributions of ICC have been put forward. To illustrate the engine
contribution to and the interaction with the complete aircraft ICC, a distribution
appropriate to a combat aircraft is discussed. Consider a combat aireraft with
development of a new engine and avionics system as well as airframe. For such a single
seat, twia engine aircraft the peacetime ICC for a modest buy of about 300 aircraft and
operation over 15 years might be distributed between airframe and equipment, engines
and avionics as indicated in Figure 1. Some items of ICC do obviously fall into these
three areas of cost; eg fuel costs but for this indication fuel is included wiith engine
costs, and operating costs which are here shown with the airframe. The airframe and
associated sub-systems - hydraulic, electro-mechanical, pneumatic etc amount to about
40%, and the avionics and engine each amount to about 30;.

7. The effect of fleet size and years in service are illustrated in Figure 2, A
difference of five years in operations increases or reduces the ICC by about 20%.
Doubling the fleet increases the ICC by about two-thirds, but halving the fleet

reduces the LCC by about one-third. To a first approximation the effect of annual
flying rate and years in service are interchangeable, as the total flying hours are the
more significant effect on ICC.

8. The distribution of the datum programme aircraft LCC between development, production
and operation and au{port is in Figure 3. Approximately half the LCC is for operation
and support of the fleet over 15 years, whereas development is about 20% and production

is less than a third; the investment ie less than two-thirds. The distribution of ICC
between these phases of the total programme degends upon the size of the fleet, the

flying.

service peacetime life and the amount of annua




9. The distribution of the engine LCC into development, production, initial support -
including uninstalled reserve engines and modules - and operating and support costs -

excluding fuel - is indicated in Figure 4. Compared with the distribution for the complete
aircraft, Figure 1, the development sector at 40% is twice the proportion for the complete
ajrcraft, but the support sector without fuel but. including initial support is sub-
stantially lower for the engine than for the complete aircraft. The production sector

for the engine is somewhat less than for the complete aircraft, although the initial
investment sector-consisting of development, production and Initial Support - for the
engine is greater than for the complete aircraft.

DESIGN T0 LIFE CYCLE COSTS

10. The opportunity for DTILCC to influence the ICC at each phase of the programme is
limited by the proportion of the ICC committed in earlier phases. Figure 5 is familiar
and indicates how the commitment of ICC increase quickly in the early concept, feasibility
and project definition phases of the programme, The particular importance of Figure 5 is h
to emphasise the high proportion of LCC which is committed by the end of the conceptual
and definition phase of the programme. TIhis is when the main characteristics of the
aircraft and weapons systems are decided - the technology, the aircraft size and
performance, the avionics fit and the engine size and type. DTLCC techniques, technical
and managerial skills are essential to design, develop and manufacture the aircraft
system and subsequently equally high skills are needed to maintain, operate and support
the aircraft in service.

11. To illustrate the importance of the conceptual phase three aspects with respect to
the engine choice and interactionwith the aircraft LCC will be considered. Firstly the
effect of a single or twin engine installation, secondly the effect of de-rating the
engine performance standard as a means to reduce engine support costs, and the probable
effect upon engine and aircraft LCC and thirdly the attractive one of designing the
aircraft around a suitable existing engine,

SINGLE v TWIN ENGINED AIRCRAFT
12. The decision for a single or twin engine installation is invariably made at the

conceptual phase of a project. Such a decision is of significance for the various phases
of the ICC.

13. Studies indicate that the aircraft weight and total thrust requirements are
relatively unchanged for a single or twin installation of the same technology engine.
Thus any difference in engine ILCC for the single or twin engine installation is the
dominant effect on the aircraft LCC. Compared with the engine LCC for the twin engine
1 installation indicated in Figure 4, the engine ICC for a single engine of the same .
4 total thrust is indicated in Figure 6. A comparison of the distribution of LCC between ;
3 the various phases of the programme for the twin and single engine installations is

interesting. Development for the larger single engine is more than for the smaller twin ;
engine. This is offset by the lower production and support costs for the fewer larger '
1 single engines. The LCC for the single engine installation in Figure 6 is expressed in
4 terms of the ICC of the twin engine in Figure 4. Development of the single engine is
higher by about 20%, but the production and support are about 25% lower; the investment {
costs are virtually unchanged. Overall the LCC of the single engine is about 8% less !
than for the twin. Any difference in peacetime loss rates for single and twin engined
aircraft have to be included in a comparison for total aircraft LCC.

e

DE-RATED ENGINES

14. The reliability of engines in operation could be improved and support

costs reduced, if engines were de-rated to operate below the design thrust, operating
temperature and engine speed. To restore the aircraft performance with the de-rated
engines of lower engine thrust to weight ratio, a bigger and heavier engine is needed
which drives up the aircraft size and weight, which in consequence needs a still bigger
engine. The 'snowball' effect of the lower thrust to weight ratio limits this technique
severely. Briefly an engine de-rated 5% would require an aircraft and engine increased
in weight and thrust about 10% while an engine de-rated 10% would require an aircraft
and engine increased about 25%. Beyond an engine de-rating of 10% it is unlikely that
the aircraft performance could be wholly restored.

15. It is convenient to express the de-rated engine cost in terms of the datum engine
ICC. De-rating improves the reliability but increases the unit and development costs.
The combined effect on the engine ICC is indicated in Figure 7.

The support costs might be up to 20% less depending on the extent of the de-rating. The
unit production and development costs would be some 5 to 10% more than for the datum

engine depending on the extent of the de-rating. For a 5% de-rating the ICC might be

about 3% less than for the datum engine, although the investment would be somewhat

increased, For a 10% de-rating no reduction of ILCC is predicted.
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16. The effect of de-rating the engine upon the aircraft ICC must be considered. The
de-rated engines have been sized on the assumption that the aircraft size would be
jincreased to restore the aircraft performance. Thus for a 5% de-rated engine the reduced
engine ICC would be just about offset by the higher ICC of the heavier airframe, so that
there would be no reduction of the aircraft LCC, although the alrcraft investment would

be slightly higher. For an engine de-rated by 10% there is no reduction of engine ILCC to
offsget theﬁhigher LCC of thé heavier airframe, so that the aircraft LCC would be increased
by about 5%.

EXISTING ENGINE

17. The use of an existing engine could save up to 90% of the engine development costs
(flight development engines would still need to be supplied and supported) and use of a
mature engine would reduce the support costs. The engine life cycle cost might therefore
be reduced by up to about 40%, and the aircraft life cycle costs by about 10 to 15% if
the existing engine characteristics had no adverse effects upon the aircraft design.
Generally the use of an existing engine for a new aircraft would cause some compromise

of design which would reduce effectiveness or increase LCC,

ENGINE SERVICE BEHAVIOUR

18. Going from the conceptual phase to the Service operating phase, it is interesting to
consider the behaviour of the engine in service, the importance of engine lifing studies,
and the way in which the results from these studies should eventually reduce engine
support costs., When an engine enters service, it has an authorised life - the length of
time for which it may operate without a major overhaul. This authorised life is increased
as experience of its behaviour is acquired and modifications are introduced. Figure 8
indicates the increase of authorised life with time in Service for three non-modular
enzines. Actual achieved lives may be expressed as the average flight hours between the
return of engines to maintenance unit (depot) or industry for major repair or overhaul,
Figure 9 indicates that average achieved life for the same three engines varies with

the time in service. These average achieved lives appear to be between 40% and30% of
authorised lives, but there are many factors which affect this reduction. For example

a significant number of engines will be returned because of foreign object damage (FOD);
some engines will be repaired and refitted to aircraft with only a proportion of
authorised life remaining; and many engines returned for repair or reconditioning are at
a lower modification state with shorter authorised lives than those current at the repair
date. Yevertheless the figure indicates that achieved lives increase during the early
years of service flying, and there would be significant reductions in support costs if
authorised lives were higher at entry into service and the in-service growth of achieved
life could be accelerated. The concepts of modular engines and on condition monitoring
are changing the relationship but in principle the effect will continue.

19. The continued demand for performance at low engine weight - which has been seen to
be desirable overall - means that engines are generally pushing technology limits. The
problem is aggravated by a shortage of reliable data on the ways in which engines are
used in actual service.

20, Figure 10 indicates somewhat naively how the aircraft height and speed might be
expected to vary during a flight of about 1 hour. The aircraft takes off and climbs

to about 18000 ft and then goes through a series of climbs to 30,000 ft plus and dives,
followed by descent, approach and landing. The speed builds up to 450 knots during the
initial climb, drops during the further climb, goes up to about 600 knots during dives,
lands and taxies to a stop.

21. The record of actual events is much more complex, Figure 11, Although the idealised
altitude profile was a reasoned approximation to the profile flown, the speed varied
very frequently and rapidly during the flight. Figure 12 indicates how the engine is
subjected to temperature and spesd variation during the same sortie. There are at least
twelve rapid changes of over 200°C in turbine gas temperature, while there are continual
small changes in low pressure shaft speeds, and a significant number in excess of 50%.
These are only examples drawn from one mission. Experience is that there are wide
differences between missions. There is also some evidence of a significant increase in
the severity of use of the wing man's engine in the same mission. The study and analysis
of the use of engines in combat missions is aimed at building up statistical
representation of temperature, shaft speed and other variations in flight.

22, This data can then be used as a basis for engine design and qualification
specifications and applied to engine testing in the development phase, both bench and
flight testing, so that the standard of an engine at entry into service may be enhanced,
and the growth of achieved engine life in subsequent service accelerated. It is
important to emphasise that both bench testing and flight testing is envisaged. Currently
most bench engine test and qualification schedules such as SMET and AMT in US and sortie
pattern testing in UK aim to simulate operational conditions. Bench testing in the
absence of flight testing is of limited benefit; indeed experimental flight testing
itself is of limited benefit. Some problems only arise in real 1ife situations. This
is the peactime mission flown by service crewes in service conditions. The underlying
principle here is that development is easentialli a process of identifying, solving,
demonstrating and qualifying the solution to problems.
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23, It may be predicted that either an intensive flight development or bench development
programme backed by an equally intensively flown 'Lead the Fleet' programme might be
expected to accelerate significantly the growth of average achieved engine 1life in
gervice. The benefit in reduced engine support costs might be 5 to 15 ‘imes the cost

of such small special development programmes. Mu~h of benefit could come from a
reduced buy of reserve engines and modules but this would need an act of faith by those
responsible for supply and fleet management and confidence that the predicted potential
benefits would be achieved. The balance would come from reduced engine support.
Although the return on the extra investment would be satisfactory, the effect on the
support costs would be small - about 5% - and the effect on the LCC almost negligible.
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BENEFIT OF INCREASED INVESTMENT

24. What benefit might be expected from increased investment in an enhanced engine
development programme? Let us speculate, and do so on the distribution ol engine LCC
indicated in Figure 4. Suppose an extra 5% is expended in development which improves
reliability and reduces support costs by 20%. To avoid deterioration of aircraft
performance and increased aircraft weight and LCC, the engine weight and performance

is maintained at an extra cost of about 1% in production. Then on the cost distribution
of Figure 4, the change in engine ICC is indicated in Figure 13. 1The overall effect
expressed in terms of the datum LCC is an increase of 2.2% for front end investment -
predominantly development, and a reduction of 7% fer support. The net effect is a small
reduction of engine ICC of 5% of the datum, and the return of the extra

investment is about three-fold.

25. To justify an extra front end investment something like a ten-fold return in reduced
support costs would be the target. Such a high return is needed to allow for the
uncertainity of front end engine development investment, whereas the benefit ol reduced
support costs would be realised over the greater part of the service life, and are

not expressed in DCF terms. This would require the support costs to be reduced from
35% to 15%, in terms of the datum LCC which would be a reduction of 60%.

26. It will be recalled that a comparatively small fleet of aircraft has been used to
discuss engine life cycle costs. It might be argued that a larger fleet would give a
much better return on investment for improved reliability. Consider a flecet twice as
big, then similar increased costs for development and production and reduced costs for
support would be expected to reduce LCC by about 7%. PFor a ten-fold return on the
investment the support costs would have to be reduced by about 40%; which must still be
an optimistic expectation!

CONCLUSION
27. My conclusions will not be unexpected.

Firstly advanced technology engines for high performance combat aircraft are costly, their
evelopment costs are a high proportion of the total aircraft development costs,

Secondly engine support costs are high and are a high proportion of engine LCC after development.
ombat and peacetime training missions impose very severe operating conditions on engines.

Thirdly less advanced or de-rated engines would be expected to have enhanced reliability
and to some extent might have reduced engine support costs, but it is unlikely that the
aircraft support and LCC would be reduced significantly. If the aircraft performance or
. military effectiveness are maintained the aircraft LCC are more likely to be increased
4 rather than reduced, although there would be some improvement in availability.

R

Fourthly it is difficult to envisage large-fold returns for reduction of engine support
cosis by enhanced front end investmen:. programmes.

Pifthly if it is wished seriously to reduce engine operating and support costs, a "lead
the fleet" engine life flight programme needs priority early in service life, so that
engine problems sensitive to service use are identified early in the fl:et build up and
may be rectified.

S 2 A gt s

Sixthly the traditional aims of aeronautical rescearch of improved materials leading to
reaucei weight and enhanced life and aerodynamic research for better lift and lower drag
remain essential if aircraft L2C are not to escalate. Engine usage and 1lifing studies
are equally important; there is no simple panacea for reduced support and LCC.
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SUMMARY

This paper presents progress of the USAF efforts to more effectively influence the
life cycle costs of newly acquired gas turbine power plants. A combination of technical
and business practice initiatives have been undertaken or planned across the entire life
cycle spectrum, i.e., from first entry with the exploratory development program thru the
decision to phase the product out of the active inventory. References are made to
earlier papers dealing with the identification and management of life cycle costs, such
as, the so called "New Developments Concepts' and the "Engine Structural Integrity
Program." This paper addresses the status of those technical and management activities
and presents, for the first time, various business concepts and strategies being studied
by the U S Air Force which complement the earlier initiatives as they impact engine life
cycle costs. The role of the USAF Propulsion System Program Office as the continuing
focal point for these life cycle efforts will be discussed. The ideas presented are not
new as they have been employed successfully at one time or another on an individual
basis in the development and support of military and commercial gas turbine power plants.
What is new, is the systems management view of the life cycle process and what can be
done practically today vs tomorrow to enhance engine life cycle costs in an integrated
fashion.

INTRODUCTION

In their infancy, military gas turbine engines were relatively short-lived creatures
that required much nurturing by the user and support organizations. As a result of
significant metallurgical advances, a near optimum balance between turbine engine per-
formance and life was achieved during the 50's and through mid-60's; hence, a near
optimum life cycle cost (LCC). Dramatic advancement of gas turbine aerothermodynamic
technology coupled with more sophisticated, lighter-weight mechanical design practices
(with lesser metallurgical advances) once more unbalanced the performance-life scales
in the late 60's. As a consequence, the military user and support organizations

3 expressed their dissatisfaction with the high operational and support cost posture in

1 which they found themselves in the early 70's. An Ad Hoc Committee of the Air Force

i Scientific Advisory Board in 1973 and a General Accounting Office Study in 1974
questioned the technical adequacy and management practices of the turbine engine
development process. The Air Force Aeronautical Systems Division (ASD) at Wright-
Patterson Air Force Base, Ohio, concluded in 1973 that the Air Force should revige
both the technical and management approach to the development process; hence, the birth
of the so-called "New Concepts for Engine Development', Reference 1. The '"New Concepts”
objective was to develop a total life cycle management strategy which would drive
engine life cycle costs to the lowest practical limit for each new engine development
or new application of an existing engine. The life cycle development process for
turbine engines is being revised to provide more durable, reliable, and lower life
cycle cost engines to the military services. Greater attention is being given earlier
in the life cycle to the cost trades between performance, durability, producibility,
and operability/supportability; i.e., during the technology, conceptual and validation
phases of the development process. The full-scale development phase has been re-
structured to provide formal demonstrations of useful engine life limits; operational

i and logistic characteristics; and validation of the engine life management process to

, provide economic management rationale for the production hardware acquisition, operational
usage, and logistic support phases.

LIFE CYCLE OVERVIEW

Figure 1 defines the life cycle flow process and the major activities occurring in
the Laboratory Technology, ASD Acquisition and, User/Support Phases of the general life
‘ cycle process. Historically the data generation flow has moved downward and to the
J riiht with ineffectual feedback within and between phases of the life cycle. The engine
life cycle process has in effect operated open loop with attendant results. 1In addition, {
not all essential technologies were addressed in parallel time periods which tended to
cascade significant unknown problems into later life cycle phases for their solution.
1 Figure 2 provides a more detailed understandin% of the life cycle flow process. The
. top three horizontal arrows represent relatively high-risk, laboratory-technology
developments that are funded on a continuing level of effort which is directed towards
engine needs for future weapon systems. The next arrow represents modest-risk, .
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advanced-engine demonstrators which collect the laboratory technology and apply it towards
a specific weapon system need during the System Validation Phase and are funded only as
required by specific system needs. The bottom three arrows represent low-risk, full-scale
engineering developments of specific engines and their follow-on product support programs
which are funded in conjunction with specific weapons. The two middle arrows depict the
ASD and User-Support Phases of life cycle activities for the weapon system and the engine.
During the Conceptual Phase, trade sensitivity studies are performed between engine
performance and engine life cycle cost to achieve best practical balance between develop-
ment costs, hardware/software acquisition costs, and operational/support costs. The cost
drivers are identified and the risk associated with Cost Estimating Relationships (CERs)
for these drivers is assessed. High risk technology inputs at this point tend to create
high risk CERs which, in turn, identify the need for advanced engine demonstrations
during the Validation Phase to drive these risks to a level acceptable for initiation of
Full-Scale Development (FSD). The engine FSD is laid out to address/manage the perfor-
mance, life, and cost risks remaining; to develop a technical data base relative to
engine useful performance, life, and logistic characteristics; and to validate the Life
Cycle Cost Model (LCCM) developed during the Conceptual and Validation Phases. The
technical data base and LCCM are then used to manage the follow-on hardware acquisition
and operational support costs decision process. Figure 3 presents another view of the
life cycle, i.e., the accumulation of engine operating experience and the conditions
under which obtained. We cannot obtain real-world, statistically significant develop-
ment data without building production engines in significant quantity and deploying them
in the operating environment. Thus, the ground developmental activity cannot be expected
to identify all of the potential systemic problems associated with a particular engine
design. Historically our technical data capture during the shaded area of the chart has
been poor; especially for the single-crew, high-performance aircraft which have carried

a minimum of engine diagnostic equipment. This data deficiency in the process has

tended to prevent the earliest identification of new problems and thereby delayed develop-
ment and deployment of required solutions. Another not so obvious point to reflect upon
is the fact the rate of buildup of engine run time on the early operational engines is
quite low and several years will elapse before the high time field engines approach the
developmental hours accumulated on the high time development engines. Thus, deficiencies
in the developmental testing relative to engine longevity characteristics naturally

show up late in operational inventory. For this reason, the USAF has developed and
effactively employed the so-called Lead-the-Force Program to keep a few operational
engines ahead of the general inventory in terms of running hours to blunt the effect of
operational surprises to the extent practical. Figure 4 addresses the life cycle risks
associated with erroneous technical or cost information. The technologists frequently
work with incomplete ''technical capability"” objectives relative to downstream technical
needs. More often than not the '"cost objective" is non-existent. The conceptual
planners, by nature, are optimistic without a sound empirical data base. In so doing
they fail to recognize the built-in shortfall the developers will of necessity pass on

to the producers, users and their logistic supporters. Validation demonstrations which
have been conducted prior to full scale development have often failed to identify the
technology shortfall as they were not organized to address all aspects of tecnnology
uncertainty. By the time the full impact of compounding effects of the direct technical
and cost shortfalls are known, the system is irrevocably locked into a significant
increase in outyear operating and support costs even though the engine is a "good
performer” in most technical aspects. Under these conditions the management of the
initial operational-break-in maturity process becomes even more critical. Without prior
knowledge that an outyear shortfall is impending, the engine system manager may experience
a short period of no problems, followed by a continuing series of minor problems which
temporarily impact the operator but does not turn on the logistic support system in a
timely manner. Phase lags (lead time) between operator need and support capability can
and have caused wildly fluctuating operational support cost which in worst case have

gone unstable and caused a breakdown in the supportability of the engine. A final point
is the need to develop operational/support indicators and attendent analysis capability
which will reliably tell the manager that the economic life of the engine is being
approached and phase out of the engine inventory should be initiated if possible.

Figure 5 presents the classical engine maturity characteristic under optimum cir-
cumstances which provides clear justification for competent engineering support of the
engine throughout its operating life. Each of the three phases have unique problems
associated with technical problem identification and development of practical management
solutions,

Figure 6 presents a simple picture of the closed cycle management loop which has
seldom been used. Throughout the life cycle estimates are made by some manager in the
areas of performance, operability, durability, producibility, maintainability and
resulting costs. As discussed earlier, these estimates may or may not be recognized
for what they are (estimates) and require validation by some appropriate demonstration.
The resulting accomplishment may or may not coincide with the estimate; thus., the need
for positive feedback analysis to evaluate the appropriate management action to correct
any "error'" in planning based on the estimated value. Closed cycle management during
the various development phases is a practical management tool which must be religiously
embraced by the development community. The process has been used successfully to varying
degrees for the production phase, especially during the initial production years.

Studies of its use are on-going relative to the practicality of embracing closed cycle
management for elements of the process during the operational phase.




Another aspect of closing the management loop relates to the entire life cycle
management process. It is addressed in the following equation which applies to both
technical and cost capability and generally has not been recognized for its simplistic
importance in the past:

Useful Engine System Capability =  Demonstrated System Engine Capability
+ System Operator Usage
+ System Maintenance Actions
+ System Product Support Actions

The useful engine system operational capability is not that ''required by specification'
or "designed-to,'" but, that "demonstrated by analysis and confirming development tests."
Implicit in the development demonstrations, however, are system/engine assumptions about
future Usage, Maintenance, and Support actions which must be validated and updated on
a continuing basis by the engine Eife manager throughout the engine's operational life.

The use of this simple equation is called Closed Loop Life Cycle Management in that the
engine manager can close the loop on engine operational and support decisions relative
to demonstrated engine capability, to favorably impact outyear system acquisition and
support costs from that decision point on.

An analysis of the foregoing overview of the life cycle process has led the Air Force
to the following rather simply stated, but yet to be accomplished, life cycle investment
strategy:

(1) Make the necessary front end and back end investments, i.e., pre-FSED and post-
D.

FSE
(2) Avoid all unnecessary investments, either by accident or intent.

(3) Maximize the return on prior investments by placing renewed emphasis on
derivative developments.

(4) Keep the management loop(s) closed to maximum extent possible throughout the
life cycle process.

DEPUTY FOR PROPULSION

The Deputy for Propulsion was established at the Aeronautical Systems Division of
the Air Force Systems Command (AFSC) in September 1976. This was done in recognition of
the continuing management problems that the Air Force was experiencing with no central
engine management authority within any element of the Air Force. The objectives set
before the Deputy clearly addressed the need:

"Establish a single Air Force Program Office with Primary Responsibility for
Engine Acquisition Including Appropriate Deployment Matters in Association
with the Aeronautical System Program Offices, the Air Force Logistics Command
(AFLC) and the Operating Commands."

The organization was to have both AFSC and AFLC elements included for direct and con-
tinuous interaction throughout the engine life cycle. It was to provide a clear focus
for internal Air Force engine business and advocacy, as well as, serve as an effective
interface with industry, sister services and other governmental agencies. It was
directed to improve the effectiveness of limited engine community resources through
matrix management. And finally, it was to provide the vehicle for development and
application of unified, disciplined business and technical management practices.

Figure 7 is an organizational chart of the full-spectrum engine program office that
was desired.

Approximately 100 program managers under the administrative control of the Deputy,
with the support of 250 matrixed functional collocates sit under one roof (Bldg 46
WPAFB, Ohio) to:

(1) Directly manage engine development and acquisition activities for 12 engine
models utilized by Air Force and Navy with combined annual contracts of 2
billion dollars.

(2) Provide interface support to the AFLC and Using Commands as necessary for some
50,000 operational engines which require 1.5 billion dollars annually to
maintain.

The New Engine Project Office is the ALPHA of the organization, i.e., it interfaces
heavily with the DOD Laboratories and DOD/Industry planners and manages the Conceptual
and Validation Activities which lead to new or derivative engine starts.

The In-Service Joint Engine Project Office (JEPO) 1s the OMEGA of the organization,
i.e., it interfaces heavily with the AFLC and Using Command and Industry in managing the
late production phase activities and the program managemeni *ransfer to the AFLC after
production is complete.
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The F100 and F107 JEPOs are heavily involved in managing the development and early
phase of production and deployment for highly complex, politically visible and nationally
critical engines which encompass the entire spectrum of interface activities involving
multi-national and multi-systems applications.

We believe we are rapidly achieving desired maturing as an effective management
instrument for the Air Force and have applied many '"lessons learned" to accelerate the
process.

INITIATIVES FOR IMPROVING THE PROCESS

The procee-ing sections of this paper have addressed generalized initiatives which
apply to all elements of the life cycle or to the overall life cycle. The remaining
elements of this paper will therefore be directed to specific initiatives within individual
life cycle phases to minimize overall life cycle costs.

TECHNOLOGY PHASE:

Greater emphasis should be placed on the examination of performance and operability
characteristics, which classically experience premature field deterioration, with the aim
of developing technclogical solutions with reduced deterioration sensitivity. The current
NASA "Energy Efficient Engine Program" and the Air Force Aero Propulsion 'Bore Entry
Cooled Turbine Disc Program' have taken the initial steps in this direction,

Much has been accomplished but significant investments must be made on a continuing
annual basis to improve our understanding of the inherent durability of the Gas Generator
Technology Engines. This basically falls into two areas of empirical data gathering:

(1) Obtain earlier and broader characterization of materials, especially for fatigue and
fracture toughness and (2) Subject the technology demonstration engines to significant
and realistic numbers of mechanical and thermal fatigue cycles as experienced by opera-
tional engines for the various technology classes, i.e., fighter, bomber, transport, etc
at the performance level '"demonstrated" by the engines. Without such data, engine
conceptual designers will naturally lay down a design which is unrealistically imbalanced
towards performance.

Manufacturing and Software Technology investments must occur in parallel with the
other engine technologies and not be delayed until the FSED or later as has been the
case in many pasr programs.

Hardware-Software Technology cost trades must be examined to direct technological
investment decisions in the future. The engine development community must apply lessons
learned by the avionics development community as engine controls and diagnostic equipments
employ more digital avionics.

CONCEPTUAL PHASE:

Complete LCC Models should be developed for each specific engine as installed in each
specific system application under consideration during the conceptual phase. Without
such models, necessary cost trades and cost sensitivity analysis cannot be performed to
properly influence downstream development investment decisions.

The total engine system must be included in the life cycle trade sensitivity studies
to assure identification of all high risk cost drivers, as well as, when and what kind
of investments need to be made relative to:

(1) Hardware/Software Design

(2) Manufacturing/Refurbishment

(3) Facilities/Test Equipments and Ranges

(4) Personnel Subsystem

(5) Aerospace Support Equipment

We must completely identify the need for, the scope of and the content of Validation
Phase demonstrations consistent with technical/cost risks identified in LCC studies.

VALIDATION PHASE:

A complete complement of all essential engine demonstrations should be conducted in
accordance with risks identified in the Conceptual Phase. These demonstrations should
use flight-weight, full-scale, flight-configured hardware; operationally configured
software; and address all manufacturing technology transfer issues.

The conceptual LCC trades should be validated and the LCC Model updated to reflect
revised cost understanding and future investment planning. The technical capability
requirements and associated costs reflected in the LCC Model should be frozen as the
input baseline towards which the FSED is directed.
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We must completely identify the scope and content of a'l essential FSED program
activities consistent with the level of risk remaining in (71e LCC Model baseline.

FULL SCALE ENGINEERING DEVELOPMENT PHASE:

The FSED program should be conducted consistent with the general guidelines for the
"Four Milestone FSED" discussed as a part of the 'New Development Concepts" and the
"ENGINE STRUCTURAL INTEGRITY PROGRAM" (ENSIP), Reference 2 and 3.

We plan to utilize contractor "Configuration Management' aud '"Field Test" support
to facilitate rapid iteration of the engine system configuration to that which will
meet the technical and cost baseline.

We plan to "incentivize' durability, producibility and maintainability demonstrations
to assure their completion within the FSED test schedule.

Consideration will be given to use of an "Award Fee" for timely and thorough con-
tractor response to unplanned program changes and/or unforeseen setbacks.

We plan to utilize correction of deficiency (COD) clauses for the update of pro-
duction line and production assets delivered prior to FSED completion.

We should freeze the operational capability baseline at technical and cost levels
demonstrated during FSED, validate/update LCC Model to reflect this capability and
manage initial deployment at the demonstrated levels.

We will identify the scope and content of the engineering product support program
for the planned operational life of the engine including the Lead-the-Force Program.

We will identify the critical engine technical and cost characteristics to be tracked
and the requirements for periodic re-validation of the approved operational baseline
characteristics.

We plan to identify peculiar repair, maintenance or overhaul facilities required by
AFLC or Using Command consistent with approved operational baseline and LCC Model.

We will develop maturity-growth predictions for all critical field characteristics
for the engine which can be tracked with existing Air Force Field Maintenance Manage-
ment Information Control System (MMICS) and the proposed Air Force Logistic Center
Comprehensive Engine Management System (CEMS).

PRODUCTION PHASE:

We need to incentivize the unit-cost "learning curve" developed during the FSED.

We plan to buy an initial-service warranty for each delivered engine (install or
spare) analogous to the "commercial-type' warranty.

We must validate and update follow-on spares cost elements of the LCC Model to be
consistent with whole engine delivery costs.

We plan to perform continuous sampling and analysis of trends for each engine
delivered for all critical engine characteristics identified during FSED.

We should incentivize the periodic re-validation of the 'current production engine"
to assure that it has retained the approved operational baseline characteristics.

OPERATIONAL USAGE/SUPPORT PHASE:

We should incentivize on a "package basis' the operational inventory maturity-growth
path predictions developed during FSED.

We plan to maintain an effective Lead-the-Force program throughout the operational
life cycle.

We plan to establish a "K Account" program with the engine Air Logistics Center (ALC)
for the timely collection and technical evaluation of all engine parts scrapped during
engine maintenance at the ALC. Such accounts are invaluable to assist in the general
maturing of the production configuration and the timely development of economic
refurbishment/repair procedures for broken and worn parts which otherwise tend to go
unrecognized until excessive economic hurt is experienced.

We should plan for and conduct continuous engineering product support throughout
the operational life cycle.

We plan to periodically evaluate and demonstrate the operational LCC effectiveness
of utilizing late technology transfusions into the operational engine inventory as is
being done for the USAF/USN T56 Turbo Prop Engine to dramatically reduce fuel burned.

"S- -
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During the "mature'" portion of the operational phase we plan to develop and implement
phase-out indicators which will provide the engine manager clear indication that the
engine is entering the pre-specified non-economic wear-out-phase and should be retired
if possible.

SUMMARY

One could make a case that engine development is a continuous life cycle process in
that ''new problems'" can be expected to surface throughout the life cycle. One can also
make a point that historically the development community has failed to surface problems
which could have been found early in the development phases rather than the operational
phase. One can also make the point that consistent life cycle management policies/
practices (both technical and business) have not been established and enforced. The
eye of the needle that must be threaded over the life cycle has been either ill-defined
or not defined at all. Often the thread is too coarse to stuff through the small eye
or the manager is so myopic that he can't perform the feat when its possible. Clearly
the time has come to correct this gloomy picture. We in the Deputy for Propulsion
believe that success in this regard is achievable, i.e., intra-command and inter-service
management improvements are possible. In the last seven years much serious attention
has been given to the "propulsion problem”" and significant progress has been made with
more to come. We expect the Deputy for Propulsion will continue to provide a central
USAF focus for influencing: (1) the acquisition investment strategy, (2) the life cycle
business practices; and (3) the technical understanding to more effectively acquire,
operate and support current and future gas turbine propulsion systems. We further
believe that such changes can and should occur only in an evolutionary rather than
revolutionary manner.
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PROGRAMMES DE MOTEURS MILITAIRES A OBJECTIFS DE coOuT

par
Claude Fouré
Ancien Directeur de 1'Action sur les Colits & la SNECMA
1, rue Adolphe La Lyre
Courbevoie
92400
France

RESUME

Quelques approches y conduisant : analyse de la valeur, &tudes de fiabi-
1ité et de maintenabilité, codt direct d'exploitation (part moteur) consi-
déré par les compagnies aériennes, gestion des efforts de progrés
technologiques.

~ Moyens de prévision des colts dont i1 est souhaitable de disposer 3
chaque phase d'un programme

- Types d'organisation adaptés 3 de tels programmes

- Actions possibles lorsque les objectifs sont fixés ou révisés postérieu-
rement & la définition initiale, sans ou avec modification de cette
définition. Mesures d'économies entratnées par la hausse du prix des
carburants

- Retour sur le concept de Valeur, taux d'échange.

CHAPITRE 1 - INTRODUCTION
1.1. PROGRAMMES DE MOTEURS MILITAIRES A OBJECTIFS DE COUT

Le titre de cet exposé indique qu'il est relatif aux actions & mener dans le cadre et au profit de
programmes de moteurs lorsque des objectifs de coit sont & définir concuremment aux objectifs techniques
et 3 poursuivre en méme temps que ceux-ci, en y accordant Ta méme importance.

Le colt de développement avant qualification est naturellement introduit dans les objectifs internes
et dans les marchés d'étude. Le colt de production, si c'est un objectif interne, le colt d'acquisition si
c'est un objectif contractuel sont aussi associés aux objectifs techniques et, de plus en plus, les codts
d'utilisation et de maintenance sont considérés dans le cadre d'un colt "au long de la vie".

La délivrance de documents formels sanctionnant la tenue des objectifs techniques est suspendue 3 la
satisfaction d'épreuves au banc, puis en vol.

Accorder, comme 11 est dit plus haut, 1a méme importance & la tenue des objectifs de colt conduit 2
suspendre l1a poursuite d'un programme 3 la démonstration - qui ne peut &tre que prévisionnelle - de la
tenue de ces objectifs de codt.

Qu'1l s'agisse d'une décision interne 3 un constructeur ou & une coopération ou d'une décision
contractuelle, elle ne peut reposer que sur les &léments d'une convention dont la crédibilité a été
reconnue, sinon &tablie, par 1'ensemble des parties.

La complexité s'accroit avec les coldts d'utilisation et de maintenance qui dépendent non seulement
de 1'avion mais aussi des missions & assurer.

On peut prévoir des 1itiges dans 1'é&tablissement et 1'interprétation de ces conventions, mais n'en
a-t-on pas rencontré dans 1'établissement et 1'interprétation des clauses techniques.

I1 ne faut pas cacher que ce type de programme parait & certains trés ambitieux.

Le pas & franchir n'est pas aussi grand qu'il paraft, pour autant que certaines approches, examinées
dans la suite, atent &té faites et exploitées & cet effet.

1.2. LA PRATIQUE DE L'ANALYSE DE LA VALEUR

Elle a familiarisé les constructeurs avec :

(a) 1'identification et la hiérarchisation des besoins exprimés par 1'utilisateur ou par ceux qui
ont mission de les prévoir.

(b) la stricte identification des fonctions & assurer, correctement quantifiées en regard de 1'en-
semble de niveau supérieur (avions potentiels pour le moteur complet).

{c) Ya prévision des codts de production, quelquefois d'utilisation, nécessaire pour le choix de la
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Plus 1'analyse de la valeur se pratique en amont dans la vie d'un moteur, plus elle a de pouvoir
sur la définition et plus i1 est nécessaire de disposer de moyens de prévision capables de synthétiser, en
se basant sur les régles de 1'art et leur évolution, ce qui sera défini en détail nlus tard.

Pour 1'essentiel, les moyens de prévision des colts de production nécessaires & la conduite de
pr?grannns 3 objectif de codt résultent ou sont un développement de ceux nécessaires & 1'analyse de la
valeur.

Des exemples de tels moyens sont donnés dans le chapitre 2.

L'analyse de la valeur par ailleurs contribue 3 1'efficacité de la poursuite des objectifs de coiit,
lors de la conception initiale ou lors des actions correctives.

1.3. LES ETUDES DE PROGRES TECHNIQUE ET TECHNOLOGIQUE

Ces études par lesquelles les constructeurs de moteur préparent leur avenir sont nombreuses, souvent
longues et codteuses.

g

Une distinction est faite ici entre le progrés technique qui vise 1'amélioration des performances
des moteurs par leur conception et le progrés technologique qui porte sur les moyens de rendre ces concep-
tions possibles ou possibles & un codt admissible :

matériaux nouveaux ou nouvelles mises en oeuvre,

réalisation de piéces de forme ou caractéristiques plus élaborées,

réalisation d'assemblages nouveaux,

At e,

détection de défauts sur piéces en cours de fabrication ou d'utilisation. ;

$'i1 a généralement les moyens de détecter ou d'imaginer Ves multiples &tudes susceptibles de contri-
buer au progrés technique ou technologique, aucun constructeur ne peut les mener toutes de front. Des choix
sont indispensables. Une décision favorable au développement d'une étude ne peut &tre prise que si a un
stade d'exploration impliquant des dépenses limitées, i1 est possible & 1a fois d'estimer les améliorations
a attendre et les délais et le colt approximatifs jusqu'a mise en application.

.“—“"i‘ L

Suivant cette voie, des programmes de progrés technique et technologique peuvent &tre mis sur pied
puis menés avec détermination.

Ces programmes comportent néanmoins des incertitudes de réussite et de délai et sauf s'ils sont dans
la phase finale précédant la mise en application, ils ne peuvent &tre directement pris en compte par le
programme d'un moteur a objectifs de coit.

Indirectement toutefois ce peut &tre le cas : '

Une appréciation statistique des chances d'aboutissement des programmes en cours peut donner une in-
dication de 1a contribution & en attendre pour le développement des performances et la décroissance des
colits aprés qualification d'un programme moteur.

Ceci fait apparaftre la dépendance de la rentabilité effective de programmes de moteurs 3 objectifs
de colt de la bonne “gestion” des programmes de progrés technique et technologique.

1.4. LES ETUDES DE FIABILITE ET D'ENDURANCE

spécialisées dans l1a prise en considération de 1a fiabilité. En fait toute la conception d'un moteur

Les constructeurs de moteurs ont mis en place, au sein des organisations de conception, des é&quipes 'i
contribue a sa fiabilité mais la prévision de celle-ci et de son évolution repose principalement sur :

f‘ - les études d'endurance des pidces dans leurs conditions de travail, notamment sous les aspects corrosion, 4
fluage et fatigue oligocyclique,
- les é&tudes de pannes (y compris celles du systéme de régulation) et leurs conséquences.
Ces études contribuent & la hiérarchisation des caractéristiques de définition du moteur et de ses L
constituants. ;
3 |
1 Elles doivent par ailleurs déterminer comment la fiabilité varie suivant le cycle de fonctionnement o
| auquel le moteur est soumis, notamment pour assurer que les cycles d'épreuve au banc, puis en vol, couvrent i
bien 1'ensemble des conditions d'emploi prévues.
Elles contribuent bien sdr & la prévision des colts de maintenance.
Quelques exemples de prévision d'endurance de pidces seront donnés au chapitre 3.
1.5. TRAVAUX DANS LE DOMAINE CIVIL
La prise en considératfon, par les Compagnies Aériennes et de ce fait par les avionneurs, du Colt A
Direct d'Opération (DOC), avec sa part inhérente au moteur, constitue une approche des programmes de mo-

teurs militatres & objectifs de codt "au long de la vie".

De nombreuses études ont &té menées sur la prévision de colts d'opération et plus particulidrement
des coOts de maintenance et de leur dépendance aux missions.




Certaines ont abouti 3 des formules faisant usage d'un facteur de sévérité de la mission déduit
d'un pourcentage pondéré de réduction de 12 poussée (dé&tarage), de la dilution et de la durée du vol type.
Le chapitre 4 rappelle quelques travaux menés dans le cadre de la SNECMA et du GIFAS (Groupement des
Industries Frangaises Aéronautiques et Spatiales).

D'autres investigateurs concluent qu'une prévision valable ne peut 1-eposer que sur un programme de
simulation trés &laboré.

Toutes ces &tudes constituent une base pour considérer le "colt au long de la vie" dans un programme
de moteur militaire. A noter toutefois que la dé&pendance du colt aux missions y revét une complexité par-
ticuliére.

1.6, LES ETUDES RELATIVES A LA MAINTENANCE

Dans le domaine militaire, elles ont d'abord visé 1'amélioration de la sécurité des vols et de la
disponibilité du matériel.

La connaissance, 1'analyse des coiits de maintenance et la recherche de leur amélioration ont surtout
été développées pour assurer la rentabilité des utilisations civiles (voir chapitre 4).

I1 y a cependant beaucoup de points communs entre les efforts pour améliorer la disponibilité du
matériel et ceux pour réduire les colits de maintenance, que ce soit par 1'évolution des méthodes et poli-
tiques de maintenance ou par Ta maintenabilité ou capacité des moteurs a admettre des méthodes de main-
tenance.

11 sera fait mention :

Chapitres 5 et 6 : des conclusions qu'on peut tirer de modéles de simulation de la maintenance d'un
parc de moteurs ayant divers niveaux de modularité&, pour un moteur non modulaire comme 1'ATAR 09 K 50 et
pour un moteur de conception modulaire comme le LARZAC.

Chapitre 7 : des méthodes de surveillance de 1'état et des conditions de leur application sur un
moteur, qui sont une des clés d'évolution de la politique de maintenance vers la réduction de ses coits.

On trouvera également mention au chapitre 8 de ce que 1'expérience acquise sur les problémes d'in-
troduction directe des caractéristiques de maintenabilité dans la conception d'un moteur conduit a
recommander dans une organisation adaptée aux programmes de moteurs & objectifs de codt.

1.7. ACTIONS POSTERIEURES A LA CONCEPTION INITIALE POUR REDUIRE LE "COUT AU LONG DE LA VIE"

11 peut s'agir d'actions menées sur des programmes de moteur n'ayant pas donné lieu initialement &
la formalisation d'objectifs de colt ou pour lesquelles de nouveaux objectifs ont di étre fixés.

Dans le premier cas on peut considérer que 1'expérience acquise est une approche utile des program-
mes 3 objectifs de codt.

Dans les deux cas des actions postérieures peuvent &tre faites sans ou avec modifications signifi-
catives de 1a définition du moteur.

Dans le chapitre 9 seront mentionnés :

- la réduction des dépenses d'essais (réception et contrdle apréds réparation) portant notamment sur la ]
consommation de carburant,

- T'introduction de modifications & bilan "au lTong de la vie" favorable, bien que le prix du moteur et de
certaines de ses piéces soit accru,

- 1'examen des possibilités de substitution d'autres matériaux & des matériaux de prix et d'approvisionne-
ment aléatoires.

CHAPITRE 2 - PREVISION DES COUTS DE PRODUCTION

2.0. Le co0t de production d'un moteur militaire, méme s'il n'est qu'un &lément du coOt "au long de la
vie", en reste 1'&1ément principal, quantitativement, au travers du colt d'acquisition et du colt des 1
piéces de rechanges et psychologiquement car, aprés le développement, le premier engagement financier E
tangible en dépend.

L'utilisateur ou celui qui achdte pour son corpte et bien entendu le constructeur se doivent
d'acquérir les moyens de le prévoir, ceci dés que s'esquisse une fiche programme, puis aux différents f
stades de la définition.

2.1, STADE DU PROJET DE FICHE PROGRAMME

Le projet de fiche programme moteur doit exprimer les objectifs techniques et de coQt que 1'on vise
d'assocfer.

11 convient donc de disposer des moyens de prévision du codt (a) faisant intervenir les seuls para-
métres considéreés 3 ce stade (méthode paramétrique) (b) dont 1'usage est admis par les parties en pré-
sence.
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Une voie possible pour 1'acheteur potentiel est de confier 1'&laboration de telles méthodes para-
métriques 3 un organisme tiers qui les dégage statiquement des données du passé et propose des projections
de 1'&volution constatée.

Chacun connaft et utilise ou adapte les formules de la Rand Corporation.
Bien entendu le constructeur ne peut se contenter d'avoir une indication de ce que devrait &tre le

codt, compte tenu des objectifs techniques formulés & ce stade, i1 lui faut prévoir ce que pourrait étre
ce co0t & la lumidre des &tudes de faisabilité qu'il a pu mener.

il St W N S0 Sl M N WG i 00 RN il 1w v

2.2. STADE CHOIX DU CYCLE ET DIMENSIONNEMENT DE LA VEINE

2.2.1. Estimation des masses

Parmi les méthodes utilisables & ce stade un développement particulier est a accorder & celles qui
prennent la masse comme intermédiaire.

Aprés qu'une hypothése ait été faite sur la poussée et le cycle du moteur (taux de dilution, rap-
port de pression, température devant turbine), on peut pour un état dispcnible de la technique déduire la
"géométrie de la veine" notamment les diamétres internes et externes 3 1'entrée et & la sortie de chaque
constituant, le nombre d'étages, la corde de leurs aubages.

IT a été montré que la masse des divers constituants pouvait é&tre estimée & partir de cette défini-
tion géométrique initiale de 1a veine.

On utilise un paramétre de corrélation homogéne a un volume (produit du carré d'un diamétre moyen
par une longueur caractéristique) et en coordonnées bilogarithmiques on obtient des droites du type
= A (V) exp a. (voir deux exempies figure 2.1).

Sauf stipulation contraire, la longueur est la somme des cordes & mi-hauteur des aubes fixes et
mobiles et le diamétre est la moyenne arithmétique des diamétres a mi-hauteur de veine, 3 1'entrée et &
Ta sortie.

NOTA : La masse de certains constituants tels le relais d'accessoires, les équipements et canalisations
externes doit étre estimée par d'autres méthodes. La possibilité de déduire les masses de celles
de tout ou partie des constituants intéressés par la veine est & examiner.

La masse totale du moteur correspondant 3 une hypothése sur le cycle est estimée et peut &tre
comparée 3 celles données par d'autres hypothéses et a 1'objectif de masse qui a pu &tre défini par
ailleurs et introduit dans des formules paramétriques.

2.2.2. Indicateurs de colt massique

Le codt par unité de masse d'un moteur est un indicateur souvent considéré et 1'on peut étudier con
évolution en fonction de divers paramétres d'avancement technologiques "externes" ou "internes" tels que
la poussée massique ou le contenu de matériaux coiiteux.

Au stade choix de la veine, on procéde aux premi2res prévisions sur la nature et la proportion des
matériaux utilisés dans chaque constituant. Ceci permet de définir un facteur du type Maurer pour chaque
constituant et son colt de production. La somme &tendue au moteur peut alors 8tre comparée au colit objec-
tif.

L'intérét est qu'au passage on a une définition, qui peut &tre comparée a d'autres avant d'&tre
E retenue, de Ta masse et du colt de chaque constituant, dont la compatibilité avec les objectifs au niveau
2 moteur est vraisemblable.

En poursuivant 1'analyse on peut considérer le colt massique relatif des constituants, c'est-a-dire
leur colt massique rapporté & celui du moteur complet.

; L'avantage de cet indicateur est qu'il est sans dimension et autorise des comparaisons dans le
temps et ... dans 1'espace.

La figure 2.2 donne 3 titre d'exemple, pour un moteur militaire avec réchauffe, 1'évolution du colt
massique relatif de divers constituants en fonction de la masse du constituant.

On constate des différences entre les colts massiques relatifs des constituants et dans leur varia-
tion.

2.3. STADE PREMIER DIMENSIONNEMENT DES PIECES

Au bureau d'études avant-projet, lors du "preliminary design" le projeteur est amené & faire des
choix rapides entre diverses solutions et 3 les justifier au niveau des colts sans faire constamment un
appel direct aux spécialistes de 1a production. Un des principaux cas est 1'estimation des pidces brutes

| notamment des piéces de forge classique de différents matériaux. P

{
2.3.1. Pidces brutes de forge classique

On admet que le projeteur est capable d'estimer 1a forme, le volume vb et 1a masse mb de la pidce
brute préusinée, dont pourrait &tre tirée la pidce finie de 1a solution & examiner avec un certain matériau.
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11 apparaft que le codt Ci d'une piéce de forge classique préusinée dans un matériau i pour
Teque) une expérience est acquise, est linéaire, pour les morphologies les plus courantes, en fonction
de la masse mb que 1'alliage soit martensitique, austénitique ou de titane.

Ces abaques peuvent &tre utilisés directement mais lorsqu'on cherche 3 substituer a un matériau
connu un matériau moins connu, parce qu'il est moins cher, d'approvisionnement moins aléatoire dans le
futur ou de caractéristiques mieux adaptées, il est utile de restituer de tels abaques.

Une étude a été menée en décomposant le colt Ci en ses composants, CMi de matiére premiére
(billette), CFi de main-d‘oceuvre de forge, CUi de préusinage.

Elle fait apparaftre que pour :
- CMi, les écarts de prix massique en fonction du diamétre des billettes peuvent étre négligeés,

- CFi, la connaissance de 1'intervalle relatif de température de forgeage (A 8/68) i et de la diffusivite
thermique (A\/pcp)i étaient suffisante. (figure 2.3)

- CUi, la connaissance du coefficient d'usinabilité suffisait (figure 2.4).

Sur ces bases les abaques de prévision du coiit de la piéce brute de forge classique pour ces maté-
riaux mal connus peuvent étre tracés et utilisés,

CHAPITRE 3 - TRAVAUX SUR L'ENDURANCE DES TURBOREACTEURS

I1 est tout & fait classique d'associer un bureau de calcul de résistance des matériaux au bureau de
dessin pour le dimensionnement des piéces d'un moteur. Autrefois les méthodes de calculs étaient sommaires
et conduisaient & 1'application de coefficients de sécurité (en fait c'étaient des coefficients d'igno-
rance résultant de 1'expérience plus ou moins fragmentaire de 1'homme de 1'art). L'augmentation des per-
formances, en particulier de Ta poussée massique, n'a pu se faire qu'avec des méthodes de calcul de plus
en plus sophistiquées, dont certaines (par éléments finis) n'ont &té applicables que gréce aux ordinateurs
de grande capacité, avec le complément trés utile, pour saisir les distributions spatiales, d'investiga-
tions telles que la photoélasticimétrie.

En partant des caractéristiques de fatigue et de fluage des matériaux, des contraintes d'origine
mécanique et thermique, i1 est possible de produire par exempie :

- le potentiel en heure d'une aube mobile de turbine dans Te domaine de vol (figure 3.1)

- 1'endommagement relatif en fonction du détarage et du temps de mission d'une partie chaude (figure 3.2).
Sur la figure 3.3 sont donnés les facteurs multiplicateurs de la durée de vie d'une aube mobile et

du distributeur de turbine, de 1'arbre de compresseur et de 1'aube fan d'un méme moteur en fonction du

détarage.

La pente apparait d'autant plus grande que la fatigue prime sur le fiuage (piéces froides) et qu'on
passe des réfractaires au titane (aube fan).

De tels &léments permettent d'estimer les temps de fonctionnement autorisés par la définition et de
chercher une optimisation sur le colit "au Tong de 1a vie" entre ces temps et le colt des piéces correspon-
dantes.

CHAPITRE 4 - TRAVAUX SUR LE COUT D'OPERATION DIRECT (DIRECT OPERATION COST, DOC)

C'est sur les effets, sur 1'économie de 1'avion &quipé, de caractéristiques du moteur telles que la
masse, la poussée, le prix, la consommation spécifique SFC et les colits de maintenance que portent ces
travaux. Ces effets peuvent &tre trés différents en fonction de 1'adaptation initiale avion/moteur.

Lors de 1'étude des mérites potentiels d'un moteur projeté, i1 faut donc faire des hypothéses sur
les avions qu’il est destiné & équiper et leurs missions, compte tenu des délais de développement com-
parés d'un moteur et d'un avion, c'est 1'objet d'une supputation.

Dans le cadre du programme CFM 56 par exemple la SNECMA s'est particuliérement intéressée au cas
d'un bi-moteur court/moyen courrier.

Une représentation "en tapis" permet de schématiser en deux figures les effets sur le DOC de la
consommation spécifique, de 1a masse et du prix du moteur (rapportés & sa poussée) et des colts de
maintenance (figures 4.1 et 4.2).

Pour estimer les colts de maintenance en fonction de la mission, notamment du pourcentage de réduc-
tion de l1a poussée utilisée au décollage, en montée et en croisidre, on calcule d'abord un détarage &qui-
valent. La formule proposée par la SNECMA et le GIFAS est Ta suivante :

%0 = (0,637 - 0,407 logt) Dto (terme décollage)
+ (0,228 + 0,142 logt) Dcl (terme montée)
+ (0,135 + 0,265 logt) Dcr (terme croisiére)

00 t sont les temps passés dans la phase de vol correspondante.
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IT en est déduit un "facteur" de sévérité comprenant :
1 - un terme 1ié & la durée du vol : 43 + 1,6 D
j 100+ %4,
- un terme 1ié aux cycles : 57 - 1,6 D
(T00+7,TD)t

Le codt de maintenance est Tui-méme le produit par S de la somme de deux termes (en dollars
1978/heures de vol) :

Codt des piéces : 1,167 +2,8 (8B -1)
Heures de main-d'oeuvre : 0,037 T + 0,1 B

g ol B est le facteur de dilution (by-pass ratio) du moteur, choisi comme indicatif de complexité. Ces
: formules tiennent compte, en particulier, de 1'expérience acquise avec General Electric sur le CF6/50.

En fait, pour revenir aux moteurs militaires, plus que ces formules, valables au stade d'un avant
projet) ce sont les analyses qui ont permis de les &tablir, qui sont utilisables.

CHAPITRE 5 - ETUDE SUR LA MAINTENANCE DU 09 K 50

5.1. PRINCIPES DE LA SIMULATION ET OBJET DE L'ETUDE SUR 09 K 50 ;

5.1.1. Les modéles établis par 1'Atelier Industriel de 1'Aéronautique de Bordeaux et par la SNECMA font
vivre, par semaine ou décade, un parc de moteurs et un parc de sous-ensembles.

Les moteurs sont mis en service suivant un calendrier. Les événements qui provoquent la mise hors }
z service d'un moteur sont codés : dépose programmée ou accident et incident introduits de maniére aléatoire
) dans le cadre J4'hypothéses.

4 En outre les moteurs ou les sous-ensembles, compte tenu du suivi de leur &ge et de leur potentiel
restant d'une part et de 1'apparition (introduite aléatoirement dans le cadre d'hypothéses) de dommages
lors d'une visite, font 1'objet ou non d'un retour en usine (RU).

L'activité aérienne, Ta périodicité des visites (s'il y a lieu) les temps d'immobilisation (suivant
les opérations) et de transfert, le potentiel restant perdu au 4éme é&chelon (Usine de Réparation) ou au
28me échelon (Atelier de Base) font également 1'objet d’hypothéses, ainsi que le mode de recomplétement.

5.1.2. La réparation du moteur 09 K 50 s'effectue, depuis le début de 1'année 1977 a 1'Atelier Industriel
de 1'Aéronautique de Bordeaux, selon une méthode nouvelle dite : réparation en SERI (Sous Ensembies &
Réparation Individualisée).

B D C E H K 1J

SOUS ENSEMBLES ATAR 9K50 Fig 5.1




Cette méthode doit en fait &tre considérée comme une transition entre la réparation classique ou
"traditionnelle" encore utilisée aujourd'hui pour les moteurs militaires et 1a maintenance modulaire déja
expérimentée dans le domaine civil.

Cette méthode peut s'appliquer & des matériels dont la conceptior de base n'est pas modulaire.
Les principes essentiels retenus pour cette réparation, & savoir :

- utilisation de limites de fonctionnement propres & chaque SERI

- en usine, un SERI ne subit une réparation que s'il est incidenté ou en limite de fonctionnement

- immobilisation en usine propre a chaque SERI et non tributaire du SERI & réparation longue,

tendent implicitement & faire admettre 1'intérét, au moins sur le plan financier, de cette réparation. Une
confirmation par modéle de simulation a été demandée 3 1a SNECMA,

5.2. DEFINITION DU MOTEUR UTILISE DANS LA SIMULATION

Suivant que la réparation est classique au SERI le moteur est composé comme suit : (voir figure 5.1)

Réparation classique SERI

Un ensemble comprenant : 5 SERI :
Eléments circuit carburant/ SERI A
divers

Carter d'admission SERI B
Stator compresseur SERI C
Rotor compresseur SERI D
Carter central SERI E

et de 6 Sous-Ensembles

F - Mélangeur intérieur
G - Mélangeur extérieur
H

Carter de chambre

—
1

Rotor de turbine

Carter de turbine/distributeur 11

K - Distributeur I

Un moteur qui doit subir une Un SERI qui doit subir une inter-
intervention au 4éme &chelon vention au 4éme échelon, nécessite
rentre au 4éme échelon le retour du moteur sur lequel il

est monté au 42me échelon
Un Sous-Ensemble (&quivalent & un module) qui doit subir une intervention au 4&me échelon est
déposé du moteur sur lequel il est monté en 2&me &chelon, un autre S.E est monté en remplacement.

Le moteur reconstitué devient un moteur disponible au 2&me &chelon, le S.E rentre seul au 4&me
échelon,

5.3. COMPARAISON ENTRE LA REPARATION CLASSIQUE, ET LA REPARATION EN SERI.

5.3.1. Nombre de retours en usine de moteurs.

La réparation en SERI apporte un accroissement de retours en usine de moteur de + 17 %.

Ce pourcentage apparaft lorsque 1'ensemble du parc a déja subi une lére réparation en SERI.
5.3.2. Codt Main-d'Oeuvre.

Au 28me é&chelon : Le type de réparation n'a pas d'influence sur le colt.

---------------

Au 42me é&chelon : La réparation en SERI apporte un gain de 30 & 35 %.

La réparation en SERI apporte un gain sur le colt Main-d'Oeuvre glebal de 20 & 25 %.
(Te cot M.0. calculé ici ne prend pas compte :
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- les interventions programmées sur avion,
- 1'entretien du canal et des accessoires).
5.3.3. Besoins en volant.

La réparation en SERI apporte un gain d'environ 14 %.
{1'€tude exclut le canal et les accessoires).

5.3.4. Ces résultats sont basés sur une comparaison entre une réparation classique et une réparation
en SERI "optimale".

Cela signifie que les choix des paramétres retenus sont les “meilleurs” qui ressortent d'études
comparatives faites :

- sur le type de recomplétement, c'est-d-dire sur le critére du choix des SERI au moment d'un assemblage
moteur,

b Uil oo At T A TN T URE e b . e e 5

- sur la valeur du potentiel restant au-dela duquel i1 n'est pas rentable de laisser un SERI en 1'état :
lorsqu'il se trouve au 4eme échelon (Potentiel perdu ALF4), 4

- sur la valeur du potentiel restant du moteur au-deld duquel i1 est rentable de rentrer le moteur au 4éme
échelon lors d'une intervention au 2éme échelon (Potentiel perdu ALF2).

w

.4. ETUDE SUR LE CHOIX DU RECOMPLETEMENT

5.4.0. Deux recomplétements ont été étudiés :

- A) FIFO : le choix se fait sur 1'ancienneté du SERI dans 1'état volant disponible au 4éme échelon (First
In First Out).

- B) OPTIMISE : le choix se fait sur une optimisation des potentiels restants sur chaque SERI aprés in-
terventions. 3

5.4.1. Nombre de retours en usine de moteurs. f
Le recomplétement "FIFQ" apporte en moyenne une augmentation de 15 % du nombre de Retours en Usine.
5.4.2. Colit Main-d'Qeuvre.

Le codt Main-d'Oeuvre n'est pas influencé par le choix du recomplétement.

Le colt sensiblement inférieur au 2&me échelon avec le choix "FIFO" est compensé par le coiit sensi- i
blement supérieur au 4éme échelon. Co

5.4.3. Besoins en volants.
Le recomplétement "optimisé" apporte un gain d'environ 4 %.

5.4.4. 11 a été conclu qu'un recomplétement établi a partir d'un optimisation sur Tes potentiels restant des
SERI était un élément favorable.

5.5. ETUDE SUR LES POTENTIELS PERDUS

Lorsqu'un moteur subit une intervention & 1'atelier de la base aérienne (2eme échelon), quel est le :
potentiel restant au moteur au-dessous duquel il est rentable de le retourner en Usine de Réparation [
(4eme échelon) ? De méme le moteur étant démonté au 4éme &chelon, quel est le potentiel restant aux Sous-
Ensembles & Réparation Individualisée au dessous duguel il n'est pas rentable de les remonter en les lais- %
sant en 1'état ? |

Pour le déterminer, les modules permettent de faire le bilan des retours en usine, de la main- i
d'oeuvre en 2&me et 42me échelons, des besoins en volant, pour diverses hypothéses de potentiel perdu ALF
(quelquefois appelés queues de potentiel) et de faire apparaitre les valeurs optimales.

Hypotheses faites {(Voir tableau de la page 13)
au 2éme échelon 30, 50, 100, 200 heures
au 42&me échelon 200, 300, 360, 400 heures

i X il st

Les valeurs optimales retenues pour le potentiel perdu sont 50 heures au 2éme échelon et 360 heures
au 4éme échelon,

5.6. CONCLUSION

La simulation a montré que la réparation par Sous-Ensemble & Réparation Individualisée apporte des
gains significatifs sur 1a maintenance du 09 K 50.
Le choix des recomplétements doit étre optimisé sur les potentiels restant des SERI. L'optimum pour
les potentiels perdus se situe & 50 heures au 22me échelon et & 360 heures au 42me échelon.
L'expérience a confirmé les résultats de cette simulation et a montré en outre un gain en consom-
' mation de rechanges trds important.
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CHAPITRE 6 - ETUDES SUR LA MAINTENANCE DU LARZAC
6.0. 1I1 a été demandé par les Services Officiels d'effectuer une série d'études & 1'aide du programme de
simulation SNECMA, qui permette de choisir, pour le parc LARZAC, la méthode de maintenance la mieux

adaptée a ce moteur; c'est-d-dire celle qui donnera & la fois les coilits minima d'entretien au 2ame et au
4eme échelons, les codts minima d'acquisition, la meilleure disponibilité du matériel.

Les études effectuées ont consisté :
- & comparer différentes méthodes :

. de maintenance au 2éme échelon,
. de réparation au 4éme échelon.

- & mesurer 1a sensibilité de certains paramétres.

6.1. MODULARITE TOTALE (Voir figure 6.1.)

Le moteur LARZAC é&tant de conception modulaire, la premidre &tude entreprise est une simulation d'un
parc de moteur en exploitation selon le concept de la modularité totale au 2&me &chelon dés la mise en
service, & 1'exception du prélévement de quelques &chantillons de moteurs complets rentrant au 42me &che-
Ton, et de quelques cas ol le moteur complet nécessite une remise en é&tat.

ta flotte est composée de 150 avions; i1 peut s'agir en réalité de plusieurs bases ayant des inter-
actions totales entre elles du point de vue logistique.

La modularité implique :
- des modules disponibles au 2&me é&chelon : ou modules de volant,
- un choix dans le prélévement du module de remplacement parmi ces volants.

Les conséquences sur les colts d'entretien, les colts d'acquisition, 1a disponibilité du matériel, de
3 choix de recomplatement ont &té comparés :

(1) le module de remplacement est choisi au hasard; c'est "qualitativement" la solution la plus
simple,

(2) le module de remplacement est choisi en fonction de son ancienneté dans 1'é&tat volant : le plus
ancien,

(3) le module de remplacement est choisi en fonction de son potentiel restant vis-d-vis des potentiels
restants des autres modules sur moteur.

J Ces deux derniers choix nécessitent une gestion du matériel complexe surtout dans le cas ol le
matériel est en exploitation sur plusieurs bases.

Le résultat de 1'étude est, compte tenu des hypothéses retenues sur le potentiel restitué en usine,
qu'un recomplétement qui ne serait pas au "hasard” apporte peu d'intérét.

Cependant, puisqu'un recomplétement optimisé sur le potentiel restant lors d'un échange modulaire
apporte peu, i1 est envisagé d'étudier 1'hypothdse d'un désassemblage complet du moteur au 22me échelon,
afin d'étendre les possibilités du choix sur les modules. Cette hypothdse paratt d'autant plus réaliste
que les temps de démontage du LARZAC sont faibles.

«.
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Finalement, cette maintenance permet, par rapport aux échanges de modules, une optimisation plus
effective qui a pour conséquence une meilleure disponibilité du matériel, des interventions moins nom-
breuses au niveau du moteur. Mais chaque intervention colite plus cher. La résultante sur les codts main-
d'oeuvre totaux est un abaissement du coiit de 7 % environ. Le colt d'acquisition est fortement majoré :
de + 15 %.

6.2. REPARATION TYPE SERI

Les études précédentes reposent sur une modularité totale au 2&me écheion.

La recherche suivante consiste & chiffrer 1'opportunité d'une réduction de la modularité au 2&me
échelon, et de la rerorter au 48me échelon : il s'agit d'étudier 1'intérét d'une réparation du type a
Sous-Ensembles & Réparation Individualisée.

I1 a été retenu 6 S.E.R.I.
et 3 Modules (ou 3 sous-ensembles),

le recomplétement au 4éme échelon se faisant & partir d'une optimisation sur les potentiels restants.

Les résultats montrent, comparativement 3 1a maintenance modulaire au 2&me échelon, un colt d'acqui-
sition beaucoup plus élevé : + 16 % de besoins en volant avec cependant une disponibilité supérieure du !
matériel, des déposes moteurs pour interventions sur les S.E.R.I. ou les modules moins nombreuses et
mieux réparties dans le temps.

3 % Le codt total main-d'oeuvre est sensiblement le méme.
En conséquence, la méthode de maintenance S.E.R.I. n'a pas é&té retenue.

La conclusion tirée des &tudes sur l1a maintenance est :

La maintenance & retenir pour le LARZAC est la maintenance modulaire avec &change des modules au
Z2éme echelon et recompl&tement des moteurs au hasard.

On &tudie ensuite 1'influence que peuvent avoir certains paramétres sur cette maintenance.

A savoir :
- la taille de la flotte,
- la valeur du potentiel perdu au 2éme échelon,

- le temps de transit et de réparation.
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6.3. INFLUENCE DE LA TAILLE DE LA FLOTTE :

L'hypothdse retenue jusqu'alors de 150 avions sur une base est une simplification.

En réalité, i1 y aura 2 bases avec 60 avions chacune, et 30 avions "détachés”.

S$'il n'y a pas d'interaction entre les deux bases, si 1'éloignement améne & des transits excessifs
par exemple, les besoins en volant pourraient se trouver majorés, d'ou la demande de comparer les besoins
en volant pour :

- un parc de 150 avions,
- un parc de 60 avions.

La 2éme exploitation conduit & un supplément des besoins de + 8 % environ.

I1 s'agit donc d'un paramétre important sur le coit d'acquisition.

6.4. INFLUENCE DE LA QUEUE DE POTENTIEL "PERDU" : ALF2

L'hypothése retenue pour les études précédentes est :

ALF2
sauf ALF2

100 h sur tous les modules,
260 h sur le carter de sortie.

Nous avons repris 1'étude avec :

ALF2 = 200 h sur tous les modules,
sauf ALF2 = 260 h sur le carter de sortie.

Les résultats montrent qu'un ALF2 plus élevé conduit 3 plus de modules révisés pour limite de fonc-
tionnement, & moins de déposes moteurs, & un meilleur étalement de ces déposes dans le temps.

Les besoins en volant ne sont pas modifiés., Le colt d'entretien total est 1égérement plus é&levé =
+ 3%

Un A LF individualisé par module est & rechercher pour le LARZAC.

6.5. INFLUENCE DES TEMPS DE TRANSIT ET DES TEMPS D'ACCESSIBILITE ET DE REPARATION :

e nd i g

L ‘hypothése retenue pour les études précédentes comme temps de transit est de : 2 mois aller +
retour.

Nous avons repris 1'étude avec :

- durée du transit aller + retour : 1 mois %
5 mois !

Les résultats montrent que 1'influence du temps de transit est trés importante sur le coiit d'acqui-
sition. Cette influence cependant est pondérée par Ta valeur ralative des temps de rd&paration par
rapport au transit.

Une dernidre &tude est faite avec des temps d'accessibilité aux modules majorés de + 6j et des temps
de réparation des modules majorés de + 18j.

L'influence de ces majorations sur les besoins en volant est de méme importance que des majorations
identiques des temps de transit.
CHAPITRE 7 - PROCEDES ET METHODES DE SURVEILLANCE

Pour tout constructeur, disposer des meilleurs procédés de surveillance applicables sur moteur,
autorisant 1a politique de maintenance 1a plus efficace et la moins coliteuse est 1'objet d'efforts cons-
tants.

Ce qui suit résume un travail de synth@se établi fin 1978 des travaux faits par la SNECMA portant
sur :

- la surveillance du circuit d'huile :
. analyse spectrométrique
. analyse des particules

- 1'analyse vibratoire

- la gammagraphie

- 1'endoscopie et ses variantes

- la surveillance des circuits &lectriques et électroniques.

- PR U - -




7.1. ANALYSE SPECTROMETRIQUE DES HUILES

.1.1. Deux solutions sont applicables.

Spectrophotométrie d absorption atomi?gg ol 1'échantillon mis er solution sous forme d'un fin brouillard
est Tntrodult dans une FTamme, TaqueTle est sur le parcours d'un rayonnement dont on mesure 1'absorption
pour la longueur d'onde caractéristique de 1'é1ément A déceler.

Spectrométrie d'émission od un arc électrique est &tabli entre une électrode fixe et une &lectrode tour-
nante balgnant dans T"&chantillon d'huile. Les atomes contenus dans 1'huile sont excités et émettent des
raies spectrales, séparées par un réseau, dont les longueurs d'onde sont caractéristiques de la nature
des &l&ments et 1'intensité en rapport avec les concentrations.

Les avantages et les inconvénients des deux méthodes sont :

. Seuil de détection trés bas (entre 1/10 et 1/100 de ppm).

. Excellente reproductibilité.

. Il nécessite 1a dilution des échantillons d'huile (dans le méthylisobutil-cétone par exemple).
. Pour un échantillon, i1 faut effectuer autant de mesures que d'éléments recherchés.

. Capacité d'analyses d'environ 40/jours.

. Seuil de détection moyen (entre 0,3 et 0.5 ppm).
. Reproductibilité moyenne
. Ne nécessite pas la dilution des échantillons

. Tous les &léments recherchés sont analysés simultanément

. Ne nécessite pas un personnel trés qualifié
. Capacité d'analyses de 100 & 150/jours.

La SNECMA et de nombreux utilisateurs dont 1'Armée de 1'Air Francaise et la Marine ont choisi la
spectrométrie d'émission plus facile de mise en oceuvre. La spectrophotométrie a un temps d'analyse beau-
coup plus long, mais, plus précise, elle a cependant &té choisie par certains clients.

On obtient une concentration qu'il faut relier 4 la vitesse d'usure.

7.1.2. Interprétation des mesures de concentration.

En fait 1a vitesse d'usure recherchée n'est qu'un des facteurs dont dépend l1a concentration. I} y
a eu outre le volume d'huile dans le circuit, 1a consommation d‘huile, le temps de fonctionnement et la
fréquence des compléments de plein.

La vitesse d'usure est donnée par :

T n-1 T n+ 1
Cl(1+ gv— —_—)-C (1- §V~ ——)
m= ° n 9 n en mg/h
n Tlog 1

T
; Vor

ou Co et C1 sont les concentrations mesurées en début et fin de période en mg/Titre.

q la consommation d'huile en 1/h

T le temps de fonctionnement moteur en heures

Vo 1le volume d'huile aprés plein en litres
n le nombre de pleins dans la période
Dans 1'application de cette méthode, les seuils d'intervention sont fixés en vitesse de pollution.

Le suivi de ce paramétre constitue donc un moyen de surveillance précis du circuit, i1 traduit notamment
1'urgence d'intervention. En contre-partie, elle exige une procédure de sufvi sévére.

Une collaboration entre 1a SNECMA et 1'Armée de 1'Afr Frangaise a permis de vérifier expérimenta-
Tement sur les moteurs ATAR, 1a validité de la méthode. Elle est actuellement largement utilisée sur les
matériels militaires et civils et est introduite dans les Manuels de Maintenance.
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7.1.3. Possibilités d'amélioration des diagnostics.

Malgré la présence de plusieurs symptomes (ou en 1'absence d'autres symptdmes), i1 peut dtre diffi-
cile de localiser 1'avarie. Certains moyens permettraient d'améliorer la situation :

- Répartition judicieuse des matiéres en fonction des différents modules & distinguer ou utilisation de
revétement spécifique 3 un module : ainsi, 1a nature de la pollution suffit & en trouver 1'origine.

Implantation de systéme efficace de captation des particules sur les retours d'huile de chague module :
il suffit ainsi de remonter en amont pour localiser la source.

Utilisation des traceurs :

Une étude menée sur ATAR 101 avait consisté en 1'utilisation de divers revétements au niveau des portées
de roulement sur chaque ensemble afin de distinguer sans ambiguité 1'origine d'une usure. L'argentage,
le cuivrage, le chromage et le cobaltage ont &t& parmi les revétements essayés.

7.2. ANALYSE DES PARTICULES

7.2.1. Recueil des particules.

Le but de cette analyse est d'examiner les particules de grandes dimensions (supérieures & ~ 50
microns), et qui sont souvent les symptdmes d'avaries tels que écaillage des roulements ou arrachements
de métal par rotation des bagues des roulements.

A 1'origine, les filtres avaient été placés dans les circuits d'huile pour protéger les gicleurs
et garantir une certaine pureté de 1'huile de lubrification mais, trés vite, on s'est apercu de 1'intérét
évident qu'il y avait a surveiller les limailles au point que 1'on a ajouté des filtres spéciaux et des
barreaux magnétiques, dans les retours d'huile, pour détecter la présence des limailles.

Un dispositif spécial baptisé "piége & particules" a &té développé a la SNECMA.

I1 est a visite rapide (verrouillage baTonnette) et comporte un barreau magnétique pour capter les
limailles magnétiques et un filtre fin (< 50 microns) pour capter les limailles non magnétiques. I1 est
d self obturation pour éviter les écoulements d'huile lors des inspections. Son efficacité est voisine de
100 % et i1 permet un examen trés rapide et efficace.

7.2.2. Examen des particules.

Les particules non magnétiques sont identifiées généralement par attaque chimique & 1'aide de
réactifs spécifiques a chaque base d'alliage.

Ensuite, les particules magnétiques (qui sont les plus fréquentes et surtout les plus importantes
pour le diagnostic) sont enrobées dans une résine. L'ensemble est poli, puis attaqué chimiquement pour
mettre en évidence la structure des alliages composant les particules.

Un examen au microscope métallographique permet donc de trouver 3 quels types d'alliage on a

affaire. On distingue essentiellement : acier ordinaire, acier 3 roulement, acier cémenté, acier inox.

Pour obtenir la nuance exacte de 1'alliage, une analyse complémentaire peut &tre effectuée par
spectrographie, dans une ce’lule spéciale.

La limaille est fix&e dans un support conducteur en graphite fritté et exposée & un bombardement
d'ions d'un gaz ionisé. La particule ainsi bombardée génére une lumidre comprenant les longueurs d'onde
des métaux présents dans la limaille. Cette lumidre est envoyée dans un spectrométre donnant les propor-
tions des différents métaux et, par conséquent, 1'alliage. On peut, en particulier, distinguer deux allia-
ges de 1a méme famille. Les 1imailles analysées 3 1'aide de cette cellule ne sont pas détruites, ce qui
permet de procéder & des contre-expertises. Cette cellule peut s'adapter & tout spectrométre, en particu-
lier, & celui capable d'analyser 1'huile et Tes limailles.

7.2.3. Diagnostic.

En fonction de 1'importance des différents facteurs relevés, la décision de déposer ou non le mo-
teur est 3 prendre. Un guide a &té établi 3 cet effet.

L'ensemble des &léments relatifs 3 1'analyse d'un type de limailles et & 1'avarie correspondante
est regroupé dans une fiche. La collection de ces fiches constitue le guide de recherche des pannes
"1imailles”. Un tel guide permet, 3 1'aide de moyens trés limités (binoculaire) de faire des analyses
grossidres sur place et d'avoir une idée de 1'{ntervention nécessaire sur le moteur, sans attendre le ré-
sultat de 1'analyse du laboratoire. Ce point est particuliérement important lorsque les inspections des
filtres sont faites 1a nuit, alors que les laboratoires fonctionnent le jour; ceci peut permettre de déci-
der de remplacer un moteur dans 1a nuit plutdt que de courir le risque d'une avarie en exploftation.

7.3. ANALYSE VIBRATOIRE

L'analyse vibratoire est opérationnelle et mise en application sur 1'ensemble du parc ATAR 09C et
sur le parc ATAR 09 K 50 afin de recueillir les &léments statistiques indispensables.

- Enregistrement vibratoire.

Le signal vibratoire global peut &tre enregistré sur bande magnétique & 1'aide d'une chaine repré-
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' L'enregistrement s'effectue sur moteur avionné ou au banc de point fixe.

L'analyse vibratoire permet de retrouver, & partir du signal enregistré sur bande magnétique, chaque
composante correspondant & un organe déterminé. Plusieurs types de processus analytiques de dépouillement
peuvent &tre utilisés, par point, automatiques, par filtre de poursuite.

4 7.3.1. Dépouillement par filtre de poursuite.

La SNECMA a &tudié et réalisé un filtre de poursuite & 12 voies. Cet appareil permet de réaliser un
tracking du signal vibratoire global. En 1'associant 3 une série de tables tragantes, on obtient le tracé
de 1'évolution des intensités vibratoires de 12 ordres pré-sélectionnés en fonction du régime. En repas-
sant plusieurs fois la bande magnétique, on peut ainsi obtenir les tracés sur tous ordres pré-déterminés
de 1 & 99. Cette méthode peut constituer un complément au dépouillement automatique car elle permet en
particulier, de rechercher les ordres correspondant & des intensités vibratoires trés faibles.

-4l

Les grandeurs considérées pour ces analyses sont les suivantes :

la vitesse efficace pour la surveillance des &léments pour lesquels la fréquence de vibration est
moyenne,

- 1'accélération pour la surveillance d'organes pour lesquels la fréquence de vibration est élevée et
mettent en jeu de faibles énergies cinétiques.

7.3.2. Diagnostic.

Deux études paralléles ont &té menées.

Le suivi du signal "hors tout" (basses fréquences).

I1 permet Ta surveillance du balourd de 1'ensemble mobile compresseur-turbine qui constitue 1'ori-
gine essentielle des vibrations perceptibles par les pilotes.

Cette méthode peut &tre appliquée sans enregistrement & partir d'un indicateur de vibrations. Ce
dispositif a été mis au point pour ATAR 09C et équipe les cabines de point fixe ATAR 09 K 50.

- Le suivi en large bande par analyse vibratoire.

L'étude a &té menée de fagon statistique. Grice 3 Ta collaboration de 1'Armée de 1'Air et au déve-
loppement des performances des capteurs & cristal piézo-électriques, les enregistrements vibratoires ont
été réalisés sur un grand nombre de réacteurs. Des tableaus ont alors pu &tre constitués pour chaque ordre
(Fig. 7.2.), ce qui a permis d'en déduire des moyennes. A partir des valeurs situées nettement en dehors
des moyennes, des corrélations entre les niveaux ou 1'aspect des spectres vibratoires et les constatations
au démontage des moteurs ont pu étre entreprises progressivement, La vérification de ces corrélations a
été axée sur les recherches suivantes.

- présence d'avarie lorsqu'un symptdme vibratoire anormal était décelé,
- absence d'avarie en 1'absence de symptdmes.

Au fur et a mesure de 1'avancement de 1'étude et de 1'acquisition des é&léments de corrélation,
un guide de signature de panne a été élaboré.

L'analyse vibratoire, qui permet de détecter 1'apparition d'anomalies sans démontages, est suscep-
tible, d'une part, de renforcer la sécuritd, d'autre part, d'alléger 1a maintenance.

Son application, limitée précédemment & 1a chaine cinématique, avait permis de retirer du service
certains renvois de commande; aujourd'hui appliquée au moteur complet, elle évite 1'emploi de moteurs
douteux.

Dans 1'optique de la maintenance, 1'application systématique de ce contrdle permet, d'ores et
E déja, d~ supprimer certaines opérations de maintenance programmées.

7.4. GAMMAGRAPHIE
7.4.1. Principes.
11 consiste donc & placer la pidce & examiner entre la source de rayonnements et le film.

Les sources utilisées en gammagraphie sont des isotopes artificiels. Suivant les pays, les iso-
topes disponibles peuvent 8tre différents. En France on utilise essentiellement 1'Iridium 192.

11 faut noter que le rayonnement issu de l1a source &met sur un angle de 360° qui permet donc
d'effectuer un contrdle panoramique en un seul tir.

Ceci est particulidrement intéressant sur des carters de moteur, qui sont des piéces de révolution
et on peut donc, en un seul tir, contrbler toute une virole circulaire. Le rayonnement qui ne rencontre
pas de film est donc inutilisé.

7.4.2. Utilisation.

L'outillage nécessaire en gammagraphie est relativement simple. (voir figure 7.3.)
o o StamiRia = Rick ~ s
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(a) outillage spécifique au moteur : i1 se limite & un outillage de centrage de 1a canne porte
source.

(b) outillage standard :

- canne : la source pénétre dans sa position de contrdle par une canne creuse fermée 3 une
extrémité - son diamétre est de 12 3 14 mm,

- conteneur de source avec source : le conteneur sert au stockage et au transport de 1a source.
I1 est généralement en Uranium appauvri, matériau trés dense et qui apporte donc une excel-
lente protection pendant les phases de son utilisation,

- télécommande : lorsque la source transite du conteneur vers 1'intérieur du moteur (dans un
conduit flexible entre le conteneur et la canne) il faut éviter d'approcher de la source qui

; émet alors le maximum de radiations puisqu'il n'y a aucune absorption autour d'elle. L‘opé-
rateur utilise donc une télécommande qui lui permet de provogquer ce transfert avec un recul :
suffisant (environ 15 métres). )

A 1a SNECMA, tous les moteurs nouveaux en étude sont 1'objet de campagnes de tir systématiques
pour déterminer toutes les possibilités de contr8le en gammagraphie et pour améliorer 1'adaptation du
moteur avant que le dessin de la Série ne soit figé.

7.5. ENDOSCOPIE

7.5.1. Domaine d'application.

E: Les applications de 1'endoscopie découlent du mode de contrdle visuel qu'elle réalise et qui fait
percevoir les défauts suivants : f

- impact d0 au passage d'un corps é&tranger,

déformation,

criques,

traces de frottement ou d'usure,

déplacement,

colorations, pouvant traduire une surchauffe.
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Or, sur un turboréacteur, il est particuliérement intéressant de visualiser les éléments qui sont,

soit exposés & des dégradations de type aléatoire (aubages de compresseur), soit soumis a des ensembles

mécaniques et thermiques sévéres de contraintes (parties chaudes). Le domaine d'application préférentiel

de 1'endoscopie sera donc la veine d'air, c'est-a-dire :

- aubages mobiles du ou des compresseur (s) (figure 7.4. a)

- chambre de combustion (figure 7.4. b)

- aubages mobiles de turbine.

Ainsi, sur tous les nouveaux turboréacteurs, on trouve des passages endoscopiques donnant accés &
ces parties du moteur par introduction radiale d'un endoscope au-travers des carters.

Par ailleurs, on a développé des applications spéciales de 1'endoscopie telles que :

- endoscopie & réticule, pour le contrdle quantitatif d‘usure de cannelures internes dans des arbres ou
des pignons (figure 7.4, c),

- endoscopie de ressuage, pour réaliser le ‘contrdle des criques non visibles a 1'oeil nu dans des condi-
tions d'accés limitées & celles de 1'endoscopie classique,

- vidéo-scopie, qui consiste & remplacer 1'oeil humain par une chafne de télévision en circuit fermeé.
7.5.2. Conditions d'adaptation du matériel endoscopique et du moteur.
I1 faut que le matériel endoscopique soit adapté & Ta machine et vice versa. Il faut que les ori-

fices d'accés tiennent compte des performances du matériel. L'expérience a montré que la réalisation d'une
adaptation optimale passe impérativement par la satisfaction des conditions suivantes :

chaudes et périphériquement pour Tés parties qu'on ne peut faire défiler devant 1‘endoscope.
Une bonne répartition est celle qui permet d'avoir uniquement recours d des endoscopes rigides.

a) une_bonne répartition des orifices d'accés, le long de 1a veine d'air et au niveau des parties
&

(b) un_dimensionnement_approprié des _orifices. Pour cela i1 faut d'abord bien connaitre 1a nature

est la profondeur de champ. Pour guider les bureaux d'études de conception, des recommandations
générales sur 1'endoscopie ont &té incluses dans le Manuel du Dessinateur.

(c . Le motoriste ne doit pas se contenter d'offrir des

—
e
3
®
-8
>
-
-
>
=
Pae
<
=
3
[
o
3
=]
1=}
=
-
a
o
a
®
»
o
3
a
o
w
0
o
®
w

oritices endoscopiques 3 Son cTient. 1T doit lui préciser la nature du suivi en maintenance et
Tui recommander le matériel le mieux approprié. Le constructeur est conduit 3 proposer des
"kits" endoscopiques dans lesquels 1'utilisateur trouve le matériel nécessaire et suffisant
pour le contrdle de son moteur.
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7.5.3. Vidéo-scopie, magnétoscopie, photo-endoscopie.

L'endoscopie pour le contrdle des aubages mobiles de compresseur a permis de diminuer les colts
d'entretien du moteur puisque le gain de main-d'oeuvre par rapport a un démontage et d un contrdle visuel
est supérieur & 50 heures dans le cas de 1'ATAR 09 K 50,

Mais en contrepartie ce contrfle s'est avéré fastidieux et fatigant pour les opérateurs. En effet,
1'examen des quatre roues mobiles de 1'ATAR 09 K 50, par couronnes successives, représente prés d'un millier
d'images.

Une chaine de télévision en circuit fermé remplace 1'oeil de 1'opérateur en renvoyant 1'image sur
un récepteur de télévision.

Les images fournies par la chaine de vidéo-scopie peuvent étre aisément enregistrées sur magnétos-
cope pour garder en mémoire un contréle.

Inversement, on peut enregistrer préalablement des défauts types sur bande vidéo et les comparer
aux images du contr8le direct. La chaine de vidéo-scopie a été prévue a cet effet avec deux voies d'entrée
vidéo sur le moniteur pour un examen successif des images données par Ta caméra et par le magnétoscope.

Tout comme on peut monter une caméra de télévision sur 1'occulaire de 1'endoscope, on peut
également y adapter un appareil photo.

La photographie & travers 1'endoscope facilite le suivi de certains défauts qui affectent une piéce
interne du moteur accessible & 1'endoscope, lorsque 1'on veut suivre 1'évolution de ces défauts avec le
vieillissement de la machine.

7.5.4. Endoscopie U.V.

L'idée est de créer un dispositif capable, dans les conditions d'accés qui sont celles de 1'endos-
copie, de réaliser les deux fonctions suivantes :

- une fonction de nettoyage et d'injection de produit de ressuage sur une zone douteuse,
- une fonction de visualisation du ressuage, pour statuer sur 1'existence ou 1'absence des criques.

7.6. APTITUDE A LA MAINTENANCE AVEC SURVEILLANCE.

Cette aptitude @ la maintenance avec surveillance a été un des objectifs de définition du moteur
M53. La figure 7.5. résume ses caractéristiques, cependant que la figure 7.6. montre Te découpage modu-
laire du méme moteur.
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CHAPITRE 8 - TYPES D'ORGANISATION ADAPTES A DE TELS PROGRAMMES
8.1. OBJET

C'est principalement de 1'organisation chez le constructeur de moteurs qu'il est question. Quelques
commentaires sont faits sur les rapports avec les Services Officiels et les Coopérants éventuels.

Le probléme est & considérer dés la recherche et le choix de ce que devrait et pourrait &tre le
moteur pour lequel un programme est envisagé, qu'il s'agisse d'un moteur entiérement nouveau ou d'un
nouveau développement d'un moteur existant. En général sont concernées chez le constructeur la plupart
des fonctions technico-commerciale, financiére, technique, production, logistique/maintenance et qualité
et i1 est nécessaire que les rfles soient définis & toutes les phases.

8.2. STRUT™IRES ET PROCEDURES

L'usage s'est établi chez les constructeurs de mettre une structure de coordination, pour chaque
programme, pour la synthése des informations et la préparation sinon la prise des décisions. I1 peut y
avoir divers degrés dans 1'intégration & cette structure de moyens propres. Cela peut aller jusqu'd
1'"i10t" du type de celui cré&é par la SNIAS pour 1'hélicoptére Ecureuil ol toutes les disciplines sont
rassemblées dans un lieu et sous une autorité communs, bien que conservant un lien fonctionnel avec les
unités dont elles sont détachées.

Dans cet 116t la circulation des informations, la prise des décisions relatives au programme se
font de maniére classique et aisée et pour autant qu’on ait regroupé des hommes de talent la réussite
est spectaculaire.

IN n'est pas toujours possible ni souhaitable d'aller jusque 13, au moins pour un programme
majeur de moteur militaire.

La masse de moyens qu'il faut utiliser aux plans techniques, préparation de 1a production et de
1a waintenance par exemple doit dépasser un seuil critique au moment de leur utilisation.

Les problémes de coordination ne sont pas seulement au niveau du programme moteur mafs aussi au
niveau de la répartition de ces moyens entre les programmes.

Un équilibre efficace entre continuité et répartition des actions et des pouvoirs est 3 trouver
dans des procédures définissant : qui fait quoi, quand et comment, les décisions aux différents degrés
et les instances d'arbitrage éventuel.




La prise en considération d'objectifs (colts compris) au long de la vie du moteur ne peut que ren-
forcer 1a nécessité d'efforts de mise au point d'une organisation adaptée.

8.3, COMPOSITION TYPE D'UNE FICHE PROGRAMME MOTEUR.

Avant de décrire un exemple d'organisation sur le déroulement d'un programme de dévelappement il
convient de rappeler une composition type de fiche programme :

- Indication de 1a mission et du domaine de vol i

- Jeu d'objectifs avec latitudes d'adaptation possibles :

. Poussée au décollage, en montée, en croisiére,

. Consommation spécifique en montée et en croisiére,
. Masse, ﬂ
¥ . Colt et délai de développement jusqu'd homologation, 1
i . Codt de production pour une hypothése de série et de cadence,
2 . Consommation de rechanges valorisée,

s . Caractéristiques de modularité et maintenabilité.
H

bbbt

- Eléments de pondération entre les objectifs ci-dessus et exigences contractuelles prévues ou exprimées.

8.4. TRAVAUX PREPARATOIRES AU DEROULEMENT D'UN PROGRAMME.

8.4.1. Au sein de la fonction technico-commerciale.

- Une exploitation permanente des informations recueillies auprés des avionneurs, et des Etats-majors sur ]
leurs besoins futurs, leurs préoccupations, leurs objectifs de coit est menée. i
3 - Une exploitation permanente est également faite des colits d'exploitation ou d'utilisation des divers

moteurs et de leur évolution, notamment ceux concernant la maintenance et les rechanges (taux de consom-
mation et valeurs pour les différentes piéces) sachant qu'il s'agit d'un élément important du choix des
utilisateurs & qui on proposera le nouveau matériel.

- Des méthodes sont &laborées pour estimer 1'impact des variations des différentes caractéristiques tech-
niques et économiques d'un moteur sur les avions existants ou probables en fonction de leur "mission”.

- I1 est tenu compte de 1'évolution connue et prévisible des colts de production des moteurs.

De ces données de base, est dégagée une esquisse de fiche programme. ‘
8.4.2. Au sein de 1a fonction technique.

Une exploitation permanente est faite :

- des différents cycles envisageables, de ce qui en résulte sur les performances et caractéristiques d'un
moteur et de ce qu'ils requiérent av niveau des composants,

- des possibilités et délais d'aboutissements des travaux sur 1'amélioration des composants et sur les
procédés de fabrication,

- des études statistiques de caractéristiques des moteurs et de leurs composants (en fonction de paramétres
accessibles au stade de 1'avant-projet) des coits et délais de développement, ainsi que des colts de :
production, :

- des mises en mémoire et programmes de calcul informatiques permettant d'utiliser et combiner les diverses i
données acquises. |

De ces données de base, i1 est dégagé des avant-projets sommaires permettant de concrétiser certains
développements exploratoires et de jalonner les possibilités de réponse aux fiches programmes. i

8.4.3. Au sein de 1a fonction maintenance/logistique. !
Une exploitation permanente est faite, en 1iaison avec la fonction Qualité :

- des informations recueillies sur le comportement en exploitation et en maintenance des moteurs, en fonc-
tion des caractéristiques de ceux-ci et de leurs conditions d'utilisation,

- des possibilités et délais d'aboutissement des travaux sur 1a maintenabilité, la réparabilite, la sur- 3
veillance de 1'apparition des défauts. .
g
f; De ces données sont dégagées :

1'évolution de 1a politique de maintenance,

L]

les méthodes de prévision des codts de maintenance,

1]

les caractéristiques exigibles & l1a conception des moteurs.
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8.4.4. Au sein de la fonction prévision des colts.

Dans cet exemple le Responsable de la prévision des colts anime 1'exploitation permanente des in-
formations relatives aux colts de production et & leur dépendance des principales caractéristiques des
moteurs et de leurs constituants.

8.5. MISE AU POINT DE LA FICHE PROGRAMME INITIALE ET PRESENTATION D'UN AVANT-PROJET ADAPTE.

A ce stade, ne doit figurer dans cette fiche programme que ce qui est strictement nécessaire avec,
si possible, un ordre de priorité dans les objectifs ou mieux, les poids relatifs & leur accorder.

Au regu d'une esquisse de fiche programme, la Fonction Technique examine la possibilité d'y répon-
dre par un avant-projet adapté et, si besoin est, propose & 1a Fonction Technico Commerciale les retou-
ches qui permettraient une meilleure réponse, au vu des éléments dont elle dispose.

Dés ce stade i1 est, si nécessaire, distingué sur chaque poste de la fiche programme moteur ce qui
est objectif & viser de ce qui est exigence & satisfaire impérativement (en général ce & quoi on s'enga-
gera auprés des tiers).

Dés qu'un accord est atteint entre les deux parties, la Fonction Technique prépare et présente
1‘avant-projet adapté.

La création du programme correspondant est alors proposée & 1'accerd de l1a Direction Générale.

8.6. CONCEPTION INITIALE POUR DEMONSTRATION

8.6.1. Sur les bases précédemment définies, le Responsable de Programme désigné (ci-aprés R.P.) demande au
Responsable Technique désigné (ci-aprés R.T.) de proposer un programme de développement avec identifica-
tion des tdches. Des estimations des délais et de la répartition des dépenses entre ces téches sont faites.

11 demande, par ailleurs, au Responsable de la Prévision des Colts (R.C.) de définir une premiére
répartition de 1'objectif de colGts de production entre les "constituants" du moteur, conforme au découpage
prévu de la définition par dessins.

I1 demande également au Responsable de 1a Maintenance (ci-aprés R.M.) d'exprimer pour chacun des
constituants les caractéristiques de maintenance voulues.

8.6.2. Le R.T. avec la participation des spécialistes de diverses fonctions veille & ce que 1'élaboration
de dessins soit faite en visant les objectifs retenus; le R.C. fait procéder au chiffrage des coits et
indiquer les écarts par rapport aux exigences et aux objectifs.

8.6.3. Au vu de ces écarts le R.T. définit 1e programme complémentaire et le calendrier des actions sur
chaque "constituant” qui permettra d'atteindre les exigences et les objectifs et le soumet & 1'accord du
R.P.

Si, aprés avoir recueilli 1'avis du R.C., le R.P. ne peut donner son accord & la poursuite des
travaux, il demandera de nouvelles instructions de la Direction Générale et des Services Officiels s'ils
sont concernés.

8.6.4. Si le R.P. a donné son accord, sur 1a base de 1a fiche programme initiale ou modifiée par D.G., le
R.T. fait poursuivre les dessins de dé&tail, la réalisation des piéces, le montage et les essais du moteur
de démonstration et de ses composants, s'il y a lieu, i1 engage les actions du programme complémentaire,
enfin i1 présente une synthése des résultats.

8.6.5. La Fonction Technico Commerciale recueilie 1'avis des clients connus ou potentiels sur le projet
et procéde éventuellement & un ajustement des objectifs.

I1 est demandé au R.T. de présenter au R.P., pour accord, une mise 3 jour du programme de dévelop-
pement en vue de 1'homologation.

8.7. DEFINITION POUR HOMOLOGATION ET PRODUCTION EN SERIE

Lorsque jeux d'objectifs et programme pour homologation ont &té retenus selon des spécifications
détaillées, le R.T, lance 1'établissement des dessins pour lequel i1 est procédé comme en 6.2.

Toutefois, & ce stade, le chiffrage peut faire partie intégrante du circuit d'approbation et donner
Tieu & une signature du responsable de la production.

Cette signature exprime, outre la faisabilité, la conformité aux exigences de colt et s'il n'en est
pas ainsi, la dérogation doit &tre obtenue au niveau du R.P. si besoin est, de 1a Direction Générale
aprés présentation d'un programme d'&tudes et validations complémentaires et d'introduction des modifica-
tions correspondantes en’début de série, tenant compte des mises en place d'outillage.

8.8. RESUME DES ATTRIBUTIONS SUIVANT CETTE PROCEDURE

I1 appartient donc & la Fonction Programme, sur la base des informations exploitées, d'é&laborer,
faire approuver, & 1'origine comme lors des évolutions qui apparattraient nécessaires, faire respecter un
Jeu cohérent d'objectifs et d'exigences.
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11 appartient & la Fonction Technique :

- par son Responsable des Avant-Projets de proposer, sur la base des connaissances exploitées, un avant-
projet propre & satisfaire les objectifs et exigences,

- par son Responsable Technique pour le programme de développer, pour un coQt et dans un d&lai donnés,
jusqu'a homologation, un moteur conforme non seulement aux objectifs techniques mais aussi & ceux de
colt prévisionnel, notamment de codt de production et de maintenance.

11 appartient 3 la Fonction Maintenance Logistique de :
- élaborer et diffuser les outils et méthodes de prévision des colts de maintenance,

- s'assurer de 1'applicabilité au moteur des méthodes de surveillance de maintenance et de réparation
préalablement définies.

11 appartient au Responsable de la Prévision des Cofts de :
- s'assurer de la constitution et de 1'utilisation correctes d'outils et méthodes de prévision des coits,
- d'assurer 1'aboutissement des actions permettant de disposer de technologies compétitives,
- contribuer & la définition de 1'objectif de collt de production et de fixer sa répartition,
- faire examiner et chiffrer les dessins,
- tenir 3 jour les écarts entre les chiffrages et les codts objectifs par “"composant" et pour le moteur.

I1 appartient 3 la Fonction Production de s'assurer de la participation des spécialistes de la pro-
duction & 1'élaboration de la définition et aux aménagements de celle-ci en vue de réduire le coiit.

8.9. PROGRAMME EN COOPERATION

La nécessité d'une structure et de procédures de coordination pour le programme considéré est encore
plus nette. Logiquement la responsabilité du développement, de la production et de la maintenance devrait
incomber au méme partenaire pour un constituant donné. La répartition des objectifs de cofit entre les
tiches et les partenaires et leur ajustement peuvent poser des problémes dé&licats.

8.10. RAPPORTS AVEC LES SERVICES OFFICIELS

Que ce soit pour 1'élaboration et la négociation d'une fiche programme contractuelle ou pour le sui-
vi et les prises de décisions aux étapes clés du programme, il est souhaitable qu'une organisation de
coordination de chaque programme existe &galement au sein des Services Officiels.

Le dialogue avec Tes constructeurs est facilité si certains éléments ou principes de base de la pré-
vision des colts sont établis de concert, sous 1'égide des Services Officiels.

CHAPITRE 9 - ACTIONS POSTERIEURES A LA CONCEPTION INITIALE

9.0. De telles actions peuvent &tre engagées avec des objectifs nouvellement dé&finis soit 3 la suite de
1'apparition de valeurs &levées sur un poste de dépenses, soit & 1a suite d'une modification des condi-
tions extérieures : hausse des prix ou risques de pénurie de carburants ou matiéres premiéres. I1 est tenu
compte des résultats obtenus dans les prévisions ultérieures.

9.1. DEPENSES D'ESSAI DES MOTEURS :

Elles s'imputent au coOt d'acquisition pour les essais de réception et au colt de réparation (donc
de maintenance) pour les essais de contrdle en sortie de 4&me &chelon.

Elles dépendent d'un cahier des charges dont la modification est traitée comme une modivication de
la définition.

Elles comprennent une part temps d'occupation des bancs d'essais, une part de main-d'oeuvre qui est
en premiére analyse proportionnelle & 1a premiére, et une part consommation de carburant.

Une action sur ces dépenses est menée périodiquement.

La derniére en date sur les essais de réception d'un des moteurs ATAR a permis encore une réduction
de 25 % sur les deux postes par une action sur le cahier des charges.

Généralement les essais de contrdle en fin de réparation suivent une &volution paralléle.

9.2, INTRODUCTION DE MODIFICATIONS A BILAN "AU LONG DE LA VIE" FAVORABLE

La procédure d'approbation des modifications des moteurs par les Services Officiels francais retient
depuis longtemps comme &lément de décision la présentation d'un bilan "au long de la vie" favorable,
notamment quand 11 y a accroissement du colt d'acquisition.
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C'est ainsi que les seules décisions prises en 1975 et 1976 sur les moteurs ATAR (pi&ces communes)
représentaient un gain "au long de 1a vie" représentant la valeur de plus de 30 moteurs, bien que 1'ac-
croissement du codt d'acquisition correspondant soit d'environ 1 %.

9.3. ETUDES D'ECONOMIES SUR MATERIAUX :

11 est apparu au cours des années récentes que 1'approvisionnement de certains matériaux pouvait
devenir aléatoire et que, bien entendu, leur colt augmentait d'une fagon difficilement prévisible.

Ceci pouvait peser, notamment & travers les dépenses de piéces de rechange, sur Te coGt "au long de
Ta vie".

Il a, de ce fait, été déclenché des études de réduction de la consommation de matériaux tels que le
Cobalt, tant par le choix d'alliages & teneur en Cobalt moindre ou nulle, que par la réduction de la
"mise au mille" sur les piéces pour lesquelles la substitution n'était pas possible ou lointaine.

Dans le premier cas surtout ceci exige une reprise de la conception longue et colteuse :

- choix et caractérisation du nouveau matériau,
- 8tudes des piéces,
- essais partiels,
- piéces et essais de validation,
- complément d'outillage.
Suivant le moteur considéré, le colit de 1'introduction en série peut &tre compris entre 1 et 3 fois

le colt d'acquisition d'un moteur, le délai étant en moyenne, en 1'absence de prise de risque, un peu in-
férieur & quatre ans.

-CHAPITRE 10 - RETOUR SUR LE CONCEPT DE VALEUR

10.1. CONCEPT DE VALEUR

Comment se situent "Design To Cost", "Design To Life Cycle Cost", "Direct Operating Cost" par rap-
port au concept de Valeur ? Pour permettre de tels rapprochements i1 est utile de préciser le sens retenu
ici pour la Valeur dans 1'expression Analyse de la Valeur.

I1 est admis que la Valeur croisse lorsqu'augmente 1’'adéquation au besoin réel ou la satisfaction

des fonctions & assurer et lorsque s'amenuise 1'appel aux ressources que 1'on souhaite ménage-.
q

Le cas le plus simple est celui d'un besoin élémentaire ou d'une fonction unique dont la satis-
faction peut &tre repérée dans une échelle unique, d'une part et d'une ressource unique ol la dépense
est mesurable d'autre part. On appelle Valeur le rapport satisfaction/dépense et on peut en faire une
représentation graphigue (figure 10.1). Au point A figure une solution A dont la Valeur est la pente de
la droite OA. La Valeur d'une solution B est supérieure a celle de Ta solution A si B est au-dessus de
la droite OA. La valeur des solutions Bl’ Bz’ B3 est dite supérieure & celle de la solution A, bien que
la satisfaction soit moindre pour 82 et la dépense plus grande pour B3'

En fait, i1 y a rarement unicité de fonction et de ressource. Si le dénominateur peut aisément
étre traité comme une somme de dépenses dans une unité appropriée, le numérateur doit &tre la synthése
de plusieurs critéres dont 1a composition dépend de 1'utilisation, voire méme de 1‘'utilisateur qui peut
attribuer des coefficients & chacune des notes données pour les différents critéres. Vectoriellement i1l
situe son axe de jugement par rapport aux axes sur lesquels chacun des critéres est repéré.

I1 est rarement fait usage de telles considérations dans la pratique mais elles constituent néan-
moins un guide d'analyse.

10.2. UTILISATION COMMERCIALE :

Pour un avion commercial de mission déterminée on peut assimiler sa Valeur & Y'inverse du DOC
rapporté au produit (km x passager). On peut alors &tablir des taux d'é&changes entre caractéristiques en
recherchant ,pour chacune d'elles, 1'é&cart ayant le méme effet sur la Valeur.

Quand 11 s'agit d'un moteur monté® sur un avion, la composition des critéres devient délicate mais
1'attribution de coefficients est équivalente & 1a hiérarchisation des objectifs techniques d'une
fiche programme. On peut avoir recours aux taux d'échanges, c'est-a-dire aux &carts sur chaque caracté-
ristique du moteur qui donnent le méme effet sur le DOC de 1'avion.

Lorsqu’il y a variation de la mission, on peut considérer un facteur de sévérité conventionnel dans
le chiffrage du numérateur de la valeur.

10.3. UTILISATION MILITAIRE :

Sauf le cas des transports militaires, qui peuvent s'assimiler aux utilisations civiles, le cas des
moteurs pour avions de combat est trés complexe, car des critéres comme l1a pilotabilité dans le domaine
de vol sont difficiles & chiffrer,
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La encore le probléme n'est pas de simple curiosité inteliectuelle car ne conviendrait-il pas, pour k
mieux situer la capacité d'un moteur & satisfaire les besoins, d'attribuer des coefficients aux différen-
tes régions (notamment frontiéres) du domaine de vol ?

10.4. FORMULES PARAMETRIQUES :

Les formules de la Rand par exemple donnent des valeurs du colit d'acquisition en fonction des carac-
téristiques "externes" du moteur, elles peuvent &tre considérées comme donnant une mesure conventionnelle
du numérateur de la valeur ou de 1'ordonnée du graphique.

10.5. PROGRES TECHNOLOGIQUE ET VALEUR :

11 y a deux fagons de considérer leurs rapports.

On peut, comme dans certaines des formules de la Rand é&voquées plus haut, situer les caractéris- ]
tiques "externes" du moteur par le retard ou 1'avance par rapport 3 une évolution historique.

On peut aussi pour un constructeur donné représenter la limite technologique accessible & un moment

donné par une branche de courbe marquant qu'a son voisinage toute augmentation des “performances" ne peut q
E se faire qu'a un colt éleve. E
CHAPITRE 11 - CONCLUSIONS
\ I1 apparaft que la pratique du DTLCC ou conception pour un cofit "au long de la vie", sur un pro-
gramme moteur, est facilitée par : 4

- la connaissance et 1'analyse des différents postes de ce colt,

- la disposition de moyens de prévision des codts utilisables lors des choix et décisions, c'est-d-dire
partant de données accessibles et dont la crédibilité est suffisante au moment de ces choix et décisions,

- une organisation par procédures et/ou structures adaptées tant pour le programme moteur que pour les
actions préparatoires telles que progrés techniques et technologigues,

- 1'expérimentation sur des cas plus accessibles ol 1'on poursuit de nouveaux objectifs postérieurement
& la conception initiale.

Pour la préparction de cet exposé, 1'auteur a trouvé une aide précieuse auprds de la Direction
Technique des Constriictions Aéronautiques et auprds de 1a Société Nationale d'Etude et de Construction
de Moteurs d'Aviation.
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SUMMARY

Engines currently under development and some that are row entering mﬂitary service have been deSigned undet
the disetpline of Design t6 minlmum Life Cycle Cost (LCC) ‘A ‘major contributor to the achfevement of lower LCC
has been the adoption of the On Condition Maintenﬁnce con¢ept (OCM) OEM’ provides the potential for reduded 1CC
by fully utilizing potential parts itfe and reducing maintenance frequency. “Traditional coneepts of elgme x‘naintenance,
which l4vé been based on fixed frequency 1nspections/overhauls, have Fequired comparatively unsophlstibated fore-
casting to provide adequate iogistics ‘support. With the advent of OCM on the other hand, log!stics requirements are"
heavily inﬂuenced by wearout characteristics dnd usage severity Y such cases more sophistlcated ‘forecasting
methods are required which teallstically represent the dynamics of the logistlcs systein finhereht in such'a mainten-'
ance philosophy. If efficfent logistics management is to be aftaified, such forecasting tools should also provide the
capability to perform trade-off studies on the cost effectiveness of alternative maintenance or logistics systems.
The use of modelling methods which are proving practical in forecasting and trade-off analyses and therefore in estab-
lishing an optimum logistics and support environment is explored. Methods discussed include the consideration of
wearout characteristics where components exhibit an age-reIated replacement rate, ‘and ilso replacement of com-
ponents which may have a specified maximum life in terms of operating cycles or mission severity. The use of
engine history recorders and parts tracking systems and their impact on achieving optimum LCC is also discussed.

INTRODUCTION

Efficient management of the Operation and Support (O&S) phase of an engine life oycle 1s important if the mini- -
mum life cycle cost is to be attained, Since the introduction of design to life eycle cost as a major design discipline
much has been done to reduce O&S costs both in the form of: (a) engine design eg. improved maintainability, reli-
ability, durability, etc., () the engine development; eg. increased severity and reslism, simulated mission
endurance testing (SMET), better definition of usage cycles and -{c) Maintenance Concepts; eg On Condition Main-
tenance (OCM), Engine Health Monitoring System, Engine Diagnostic Systems. While the greatest impact on the
0&S phase costs will be effected on engines that were designed and developed for maintenance and support under
the OCM Concept, it has been demonstrated that this concept can also be applied to older engines. This lecture
will address specifically the use of logistice management tools in supporting engines under an OCM concept. Gen-
eral Electric experience in this area ortginated in the support of the commerctal section of our bustness but has
been actively applied to our military products. The newer military engine lines, f.e. the F404, F101 and T700
have been designed under the design-to-LCC philosophy since their conceptual phase and will/are being maintained
on an OCM basis. The TF34-100 engine whose design was initiated in 1967 preceded the requirements of DOD
directive 5000.28. However, extensive durability testing (SMET and AMT testing) augmented by a modest compon~

3 ent improvement program has continued and the engine has proven to be readily adaptable to the OCM concept.

A Whereas the minimum potential O&S costs of an engine entering service are established by its inherent design
characteristics, it is possible that additional design modifications will be necessary to bring this potential to the
desired level, It is the job of the logistics manager to ensure that this minimum potential level is achieved, and

. where subsequent modifications are required to improve this potential, that the necessary changes are made in the
most advantageous manner,

Managing the logistics support of an engine requires extensive, detailed and long range planning in several
k- areas e.g. manpower, facilities, parts, training and test equipment, Furthermore, this planning must have the
capability of dealing with dynamic conditions such as changes in fleet size, utfitzation, deployment concept and
resource availability, the major tool needed for such planning is a forecasting system. A viable forecasting sys-
tem that can consider variability in engine characteristics, operation requirements and logistics resources will
provide the logistics manager with the opportunity to optimize his O&S costs while meeting operational require-
ments, At General Electric, we have worked on such modele for several years now and have developed consider-
ahle expertence both tn their design and use. The complexity of these models has varied considerably, as has the
cost of running them and analyzing the resultant output, particularly, the model structure and degree of dtserimin-
ation has reflected the availability and credibility of the data base. The data base needed to support such models
can be divided into three broad categories, t.e, those pertaining to (a) the logistics system, (b) the design char-
acteristics of the engine and (c) the deployment and operational use of the engtne.

Category (a) concerns such logistics system parameters as repair times, replenishment, lead times, turn-
around ttmes and repalr levels. In the case of turnaround and pipe-line times, arbitrary standards which are in-
sensitive to the type equipment or geographical location are sometimes specified by the operator. As the sensi-~
tivity of many O&S costs to such parameters 18 very high, data from actual experience should be used in prefereace
to these arbitrary standards. Data, such as repair times, are generally available from military data systems.

R
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Where no data exists such documents as the Logistics Support Analyses (LSA) will provide rational estimates,
Category (b) relates to engine characteristics, such as engine reliability, durability and maintainability, expressed
in such terms as mean time between fallure (MTBF), wearout characteristics (expressed in terms of the Weibull
distribution), maximum operating life (in terms of cycles, mission hours or time at temperature) and times to
repair (in terms of maintenance man hours). Category (c) concerns the number of bases, geographical location,
utilization and mission severity.

Where operational experience exists, much of this data may be derived from existing military data systems.
However, it is GE's experience that the validity of such data can be enhanced by the use of Field Service Represen-
tatives' reports. Historically the available data has always been based on engine flight hours and record keeping
below the engine level has been erratic. A significant improvement in such datu relative to OCM concepts has
been the adoption of Engine Time Temperature (ETTR) recorders and of Parts Tracking Systems. Such a system
is being developed by the USAF under CEMS, the Comprehensive Engine Management System, Currently two
engines are subject to such systems, F100 and the TF34-100. The systems for these two engines are similar,
that for the F100 being operated and managed by OC-ALC and that {or the TF34-100 by General Electric at AEG
Lynn. Both will eventually be incorporated into the single AF managed CEMS system with the Central Data Base
located at Oklahoma City ALC and Engine Management responsibility located at San Antonio ALC., Under the
CEMS System, engine exposure in terms of low cycle fatigue, thermal cycles and time at temperature is being
measured and recorded for each engine. In this discussion the engine history recorders will be referred to as an
Engine Time Temperature Recorder (ETTR), and will relate specifically to the methods used on the TF34-100
engine. For other General Electric engines similar systems are incorporated into the F404, T700-700 and T700-
401 and is also proposed for the F101/DFE, What follows is a description of a forecasting system that GE feels
will be instrumental in developing the full potential of an OCM system and realize the low operation and support
costs inherent in the design of the TF34-100, While tailored to this specific engine the concepts and methodology
involved will be applicable to any OCM engine maintained under an OCM concept.

The total system may be considered as comprising two parts:

(a) A Parts Life Tracking System (PLTS) comprising a Parts Tracking System (PTS) and an ETTR System
and (b) A Logistics Forecasting Model (LFM). The Logistics Forecasting Model i8 comprised of a series of
sub models, the Shop Visit Rate Simulation Model, LCF Optimization Model and Parts Demand/Status Model.

Before describing the elements of the above system, it is pertinent to discuss what is understood by OCM.
This is often construed as a means of eliminating the need to replace parts on a Maximum Operating Time (MOT)
basis. Where OCM techniques such as borescoping, radiography, oil analysis and vibration analysis can detect
incipient failure modes, or where the secondary effects of a specific failure mode do not cause an economie,
safety or operational capability burden, the MOT concept can be eliminated. However, particularly in the case of
turbo-machinery components, failure modes associated with such characteristics as low cycle fatigue (LCF)
thermal fatigue and stress rupture are not always detectable by OCM methods and the secondary effects of such
failures are quite often unacceptable. For these components, it is necessary to establish and observe a life limi-
tation, generally expressed in terms of LCF cycles, equivalent full thermal cycles (EFTC), time at or above a
sertain operating temperature or time at or above a specific power setting. In the rase of the engine upon which
this paper is based, the latter is synonymous with time at maximum power and is designated TA. . To fully
utilize the potential of such parts and to prevent their use beyond the specified age limits, it is necessary to
keep track of each part's operating exposure and location. This is a significant task in an engine fleet that may
number in the thousands and operate for 20 years or more.

PARTS LIFE TRACKING SYSTEM (PLTS)

The concept of accounting for the location and age of various parts within an engine is readily understood.
The identification of all designated parts must be accomplished during initial engine build-up and a file or record
created, In addition to data on parts assembled into production engines, data must be collected, filed and main-
tained on all spare parts introduced into the system. For this purpose a Central Data Base (CDB) consisting of
two sections must be established. The first is a parts master file which encompasses all designated parts entered
into the system either as spares or as part of an engine. The second is the engine master file section which con-
tains a record of the engine data and the data for all the designated parts in that engine. Both sections of the
Central Data Base are updated each time the status of a part or engine changes. This is achieved by recording the
dafly status of each engine and the removal/replacement of any designated part. Most commercial operators have
done so with a reasonable degree of success for many years, the military has a similar system requiring manual
reporting and record keeping; however, its success has been limited ~ with good reason, The mtlitary labor force
is less experienced and somewhat transient, parts tracking has not until now provided any obvious relief or 'm-
proved efficiency at the operator level, thus providing little incentive for meticulous parts record keeping. With
the advent of OCM enyines into the Air Force inventory, the need for an improved and more comprehensive data
collection system was recognized. For several years, the Air Force Logistics Command (AFLC) has been work-~
ing on a Comprehensive Engine Management System (CEMS) which would establish such a data system to encompass
the maintenance information, inventory accountability and technical information required by engine managers within
AFLC and major commands. As part of Increment 1 of the CEMS project, General Electric was selected to develop
the central data base and {nstitute such a system for the TF34~100. Figure 1 is a schematic of the information
flow associated with the PLTS, :
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The PLTS requires data originating from two sources (a) the mechanic responsible for changing parts and
(b) the periodic reading and recording of the ETTR box display. Figure 2 is an illustration of the ETTR displa; .
The data required of the mechanic is the engine Serial Number, part Serial Number, location of part, date and the
information displayed on the face of the ETTR recorder.
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Figure 1. Parts Life Tracking System Data Flow
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ENGINE TIME TEMPERATURE RECORDER SYSTEM

Gt Bt i

The input to the Engine Time Temperature Recorder is taken from the signal to the aircraft cockpit Inter-
g /Turbine Temperature Indicator. The source of this signal is the inter~turbine thermocouple harness. The
3 output of the ETTR is displayed on the face of the unit and is a count of events and times as follows:

Engine Time Temperature Recorder Display

Engine Operating Time (EOT)
Events 550° (C) (E550)
Events 790° (C) (E790)
Events 810° (C) (E810)
,;! 840° (C) Flag
927° (C) Flag
927° (C) Flag
Flag Reset
Hours above 790° (C) Indicator
Hours above 810° (C) Indicator
HSF Units

P N AR

The definitions of those used by GE as logistics forecasting parameters and a description of their use is in-
cluded in the section on ETTR Data Definition and Analysis on Page 8. With this information, the system can
track the location of all identified parts, their total operating time in terms of cycles or time at temperature, and
time remaining to their respective life limits.

PART IDENTIFICATION AND DATA INPUT LOCATIONS

The T¥34-100 engine has 79 parts which are tracked in the PLTS. In the early phases of the program, 120
parts were tracked; but experience showed that this number was not necessary and it was subsequently reduced.
The partial list of these parts shown in Table 1 is extracted from the TF34~100 Maintenance Manual T.O, 2J-
TF34-6. These part life limits are under continuous revision; the table reflects a combination of analytical and
actual engine test experience. As time progresses, we expect the limits to increase as verification test data re-
place generally conservative analytical life assessments, In establishing the list of parts to be tracked, it is
better to err on the side of too many parts rather than on too few in the initial phases. Whereas the elimination of
parts from the system is simple, considerable effort can be involved in backfilling data into the system at a later
date should the need arise to add additional components.

Criteria used to identify parts to be tracked should include such characteristics as:

e Parts having known life limitations (MOT's that fall within the life expectancy of the engine)
eg. Compressor Disks
Turbine Blades
e Parts known to be subject to wear-out characteristics eg. Turbine Nozzles
Augmentor Liners
i Augmentor Nozzle Components
® Major assemblies/modules incorporating any of the above items.
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TABLE 1
PARTS LIST-LIFE LIMITS

Engine
Operating Total K
Name Part Number Hours Cycles Factor
Bearing, Ball, No, 1 5023T48P01 6000
5023T48P02 6C00
Bearing, Ball, No, 2 5024T40P01 6000
: Shaft, Fan Front 6017T63P04 25950 0.540
. Disk, Fan 6020T62G03 1050% 3100% 0,407
: 6020T62G04 35000 0.407
5920T88G01 1500% 35000 0,407
Blade, Fan 3901T93G01 38000 0,463
6018T30P02 38000 0.463
Spool, Stage 3-8 Compressor 6020T63P01 9755 0.389
6036 T75P01 100000 0,500
Disk, Stage 9 Compressor 6016T43P03 31000 0,310
Spool, Stage 10-14 Compressor 6020T65P01 15000 0,341
6037T83P02 18500 0.356
Shaft, HPT Rotor 6017T00P03 18000 0,018
Plate, Stage 1 Forward Cooling 4027T15P02 99999 1,000
Disk, Stage 1 HPT 6031T89P01 9600 0, 009
Blade Set, Stage 1 HPT 6016 T20G05 6800 1.000
6016 T20G07 6800 1.00

*Disk limit requires depot inspection of disk at these time intervals before it can continue in service.

ENGINE MASTER FILE

] The core of the PLTS is the engine master file. This file contains the permanent engine data and all data

s associated with parts subject to tracking, Build-up of this flle is initiated with the release of hardware to the

' engine assembly area. The system used during engine manufacture, designed by General Electric, is known

as the Selected Item Configuration Record - SICR. As parts are accumulated prior to assembly, all pertinent

: data are input to a central computerized data bank by the Production Engine Quality Control Section. As re-
E leased to the shop for assembly, a list of all parts assigned to a specific engine exists and is on file in the Central
Data Bank. As the engine is assembled, parts data are once more input to the system. All actions involving the
changing of parts up to final shipping inspection are covered by this system,

As each entry is made, it is reviewed for completeness, the audit routines immediately reveal any duplica- ]
tions, erroneous part numbers, or improper serfal numbers. Once the engine has been accepted ¢nd is ready to !
ship, the complete engine file is then transferred on a direct computer-to-computer exchange from the SICR
4 System to the PLTS System, thus creating the engine master file in the Central Data Base in Lynn. The data 3
contained in the SICR System are retained for record purposes.

SPARE PARTS DATA

3 Designated spare parts that are manufactured or procured from vendors and included in the inventory at GE

- Lynn are also entered into the SICR Svstem and are transferred to the PLTS System when shipped to the Air Force. ;

{ In the case of designated spare parts that have been bullt into a higher level assembly, the higher level asaembly 3
data are also recorded. Once entered into the PLTS System, a part identification is retained, even if it is sub~ E
sequently condemned or removed from the Air Force inventory. E

: : Aps the PLTS System audits each data entry, it will identify any part that ts recorded as being installed slse-
" ) where, that has been condemned or removed from the inventory, or whose life usage is not consistent with the
Col e 7 recordsd entry.
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INITALIZATION OF BASE LEVEL ENGINE FILE

Engine and parts data are not transmitted from the CDB until an engine is accepted by an operating base or
the spare part 1s installed on an engine. When an engine is accepted into a base inventory, either as an installed
englne on a delivered aircraft or as a spare engine being prepared for installation, the data In the engine master
file are transmitted to initlalize the file at the owning base.

Figure 3 is an illustration of the data fiow between the CDB, the Base Communication Center and the Engine
Documentation. A similar information flow occurs when a part is drawn from base supply for installation into an

engine.

1 BASE SHOPS AND FLIGHT LINE
1 TEST CELL ORGANIZATION
AFTo's 349 & 25 AFTo 25
i
% \ /
ENGINE DOCUMENTATION
§ & MMICS
: INPUTS INTO MMICS SYSTEM
! BASE ADP

BASE CENTRAL DATA BANK

(COMPUTER) 1

i t 3
i 1
: BASE COMMUNICATION CARD DECK
§ CENTER CREATED

AUTODIN NETWORK

CENTRAL DATA BASE

GENERAL ELECTRIC
AEG LYNN

Figure 3. Data Flow Within the TF34-100 PLTS

DATA TRANSACTIONS AT OPERATING LOCATIONS

Initial Installation

Apart from recording any changes in engine parts incurred during manufacturing test or acceptance flight, i
the aircraft manufacturer provides the necessary input data needed to identify the ETTR recorders installed on |
each aircraft and their initial readings. E

Depot Data Transactions

The depot facflity is the main location at which parts are removed, reworked, returned to service or to spares
stock, or condemned, Furthermore, there is extensive interchange of parts between engines and major assem-
blies. This is where the auditing routines butlt into the PLTS System are most effective., As well as maintaining
records on all parts incorporated into engines at delivery, the PLTS maintains records on all designated spare {
3 parts subject to tracking,

R S PR S

When an engine or assembly is shipped from a base for repair/rework, a hard copy of the engine master file,
generated by the Base Engine Documentation Section, accompanies the engine/assembly. This provides the basis
for planned replacement of any life-1imited parts. As the engine is repaired, part change data are transmitted
to the CDB, audited and the master file in the CDB updated. Similar action is taken for assemblies or components *
returned from the field for repair.

If the hard copy Information is lost or damaged or if teardown reveals any discrepancies in the data, a copy
of the engine master flle stored in the CDB may be transmitted at the request of the repair faoility.

The same process is followed with major assemblies or designated components; however, the agsembly ¢
data are not transmitted to the base and entered into the MMICS System unti] the assembly is withdrawn from base )
supply for installation in an engine,




Once the repair cycle is completed and all part changes and TCTO compliances recorded and tranzmitted to
CDB, the engine/part may be prepared for shipment. All documentation normally transferred with an engine,
eg. AFTO 95, is included in the shipment. The CDB records will list the location of the engine as Alameda
NARF until notified by message that the shipment has been received at its destination. At this time, the engine

file at the recetving base iz initlalized by the transmittal of the master file and uploaded into the base level
MMICS System.

Base Level

At the basc level, the Air Force has integrated the necessary data collection into the Maintenance Manage-
ment Information Control System (MMICS) by means of Automated Components Tracking System (ACTS). The
engine data file is initialized at the Base level by transmitting a copy of the engine master file from the CDB to
the Base Computer whenever an engine is accepted into the base inventory. Similarly, parts and engine assembly
data are also transmitted upon notification of the receipt of parts into base inventory., Figure 3 also represents
the data flow for initialization of engine file and parts change data, Maintenance action data and ETTR recordings
are input to the system by means of two record cards: the AFTO 25, Engine Time Accumulated Record, by which
ETTR records are maintained, and AFTO 349, Maintenance Collection Record, which is used to record part re-
movals and installations.

Readings of each ETTR are taken after the last flight of the day. The ETTR is airframe mounted in one of
the avionics bays and is readily accessible, providing line of sight reading capability. ETTR boxes stay with the
airframe and a record of their installation history is maintained in the PLTS System. No manual computation
to adjust for the ETTR reading at engine removal or installation is required as the PLTS logic considers such
factors, The ETTR box itself is tracked in the PLTS, and all ETTR remove and replace actions are recorded
as for an engine or part.

The AFTO 349 and AFTO 25 forms are processed by the Engine Documentation Section which reviews them
and prepares the data for input to the base MMIC System and data processing. At this point, the base level engine
file is updated, and a set of cards is prepared for input to the AUTODIN network for transmission to the Central
Data Base, On receipt of the data at the CDB, the information is audited for errors or anomalies, If none
are revealed, the system updates the Engine Master File and the Spare Parts Master File. If anomalies are
detected, the received data are placed in a suspense file until the anomalies are resolved. This is facilitated by
the two-way transmittal of data over the AUTODIN network, but in most cases the real problem solving is accomp-
lished verbally over the telephone. Rapid response by those responsible for maintaining the Central Data Base
has been instrumental in maintaining a low error rate and in establishing an excellent working relationship with
the base or repair facility personnel, Once ancmalies are resolved, the information in the suspense file is cor-
rected and the update of the master file accomplished.

The PLTS relies on accurate and consistent reporting at the base level. Without the wholehearted endorse-
ment and cooperation at this level, the system will not operate efficiently. Air Force personnel (mechanir 3,
engine records, data processing and communications) are to be commended for the excellent coverage th -y arc
providing on this program. The TF34-100 system has experienced an extremely high level of accuracy wnd
timeliness, none of which could have been achieved without total teamwork.

PLTS DATA AUDIT AND EDIT

Input errors are an ever-present problem that must be dealt with on any large-scale computerized data
system. The TF34-100 PLTS has many error/edit routines designed into the computer system both at the base
level and the Central Data Base,

The CDB computer edit routines are designed to check the majority of all incoming data transmittals for dup-
lications, unknowns or other anomalies, Where an error, such as a duplicate serial number is detected, the
entry of the relevant data transmission set is suspended and an error message is issued. CDB personnel review
all error messages for the required action. If the subject data are from an operating base, a message is trans-
mitted requesting corrective action, The data set under question is meanwhile held until corrected information
is supplied. The same procedure is used for data originating from other sources, such as a repair facility.

In addition to the daily edit/error routines and procedures, the accuracy of the PLTS is checked periodically
by a ""Reconciliation" routine. This is a "one for one' comparative review of the base level data files and the
CDB files. Reconciliation is accomplished at a prescribed time after a base level system becomes operational
(approximately 6 months) and periodically thereafter.

In reconciliations, every data element transaction over the review period is compared between the two files
as well as the current status. This is done on a direct computer-to-computer basis. To date, three such rec-
onciliations have been accomplished with an accuracy level in each case in excess of 98%.
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THE NEED FOR COMPLETE ENGINE FLEET AND SPARES STOCK COVERAGE

In areas where the same engine model or models having identical parts are operated, it is important that all
the engines and designated spares be subjected to the tracking system prior to shipping. The TF34 engine is a case
in point. There are two models, the TF34-100 used by the USAF in the A10 aircraft, and the TF34-400 used by the
USN in the S3A aircraft. There is 100% commonality of the parts subject to the parts tracking system on these
engines, and there is one repair site for both engines, As the TF34-400/S3A does not presently have an ETTR
system and is not included in the PLTS, it ts important that common parts th=t have been used on the TF34-400 are
not introduced into TF34-100 engines. The LTS has this capability and has already revealed some instances prior
to engine shipment from the depot. In addition to the case of c>mmon parts in different models/applications, there
is the use of common parts in different models/applications, and the use of a single engine model by different users.
The TF34-100/A10 will be operated by the Air National Guard and possible other operators, as well as the regular
Air Force units, so the same level of disciyline in record-keeping will be required from these operators. As
currently operated by contract, we have in this system the facility to track all designated parts throughout the US
Air Force System whether they be incorporated into installed or spare engines, as new or used serviceable spare
parts, or as condemned parts. Also readily available is a parts status in terms of estimated life consumed or life
remaining on all installed and shelf-stock parts.

ETVR DATA DEFINITICN AND ANALYSIS

The engine operating characteristics measured in the PLTS System and recorded on the ETTR are relatively
simple when compared to thos.. Z.veloped to support an Engine Health Monitoring Program or designed to record
mission profiles and relative severity. Such prcgrams have measured and analyzed a wide range of engine para-
meters with multiple sensors and sophisticated data recording and processing equipment. In the case of the Engine
Health Monitoring Programs, the aim has been to provide diagnostic and health trending capability as a means of
determining when maintenance is necessary. Such a system would be complementary to an ETTR or have the ETTR
function incorporated. Those programs involved in recording mission profiles and relation severity have been
utilized in many cases for setting the necessary requirements for such things as accelerated mission tests, simu-
lated mission endurance testing and specification requirements.

Though basically a simple system relying on oaly one engine input signal, the TF34-100 ETTR System on a
fleet-wide basis has given us the opportunity to evaluate the variability of engine operating conditions. This eval-
uation has shown that, apart from engine-to-engine variations, there are measurable differences between the dif-
ferent operating bases. The resultant understanding of these measures is invaluable in realistically simulating
fleet operation for the purposes of logistic forecasting and for the formulation of "'nc build" or "opportunistic
maintenance" plans.

The parameters recorded by the ETTR System were listed previously, The following defines each of these
parameters and describes the observed characteristics as related to the TF34-100/A10 fleet and their role in
logistics forecasting, The input to the ETTR system {s derived from the aircraft turbine temperature indicating
system and requires no additional engine mounted sensors or transducers.

Operating Parameter Analysis

The ETTR parameters used in logistics analysis are:

Events at 550°C E550
Events at 7908C E790
Events at 810 C E810
Time at or above 790°C T790
Time at or above 810°C T810
Engine Operating Hours EOT

In addition, the times and frequencies are expressed as ratios compared to engine operating time identified
by the suffix R. eg. E550R, which means the ratio of events 550 per hour of operation; T81CR, which means
the ratin of time above 810°C. Table 2 is an {llustration of one of the output formats based on ETTR data, showing
the events times and ratios for individual engines at a specific base. This data is one of the basic input files used
in the forecasting model,

While all of these measures are a function of engine operating flight time, the relationship to component MOT
will vary between types of failure mode, location of component within the engine and the severity of the mission(s)
flown by a specific engine. In the case of the TF34-100 engine the life of components subject to LCF limitations
is calculated as the basis of events at E550 and E790, The component LCF life in cycles (LCy) is defined as
LC; = E550 + Kj E790, where K| is defined for each component. Of the 79 parts tracked by the system, 28 are
subject to LCF limitations and have separately defined values of Ko
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TABLE 2
PARAMETER RATIO SUMMARY
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ENGINE OPERATING TIME (EOT)

The ETTR starts accumulating time whenever engine Inter-Turbine Temperature (ITT) exceeds 550°C and
stops when the ITT falls below 250°C, The time thus recorded is defined as Engine Operating Time. A typical
distribution of EOT/month is shown in Figure 4.
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Figure 4. Monthly EOT
TF34~100 Monthly Utllisation Histogram
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EVENTS 550°C (E550)

This parameter 18 used for forecasting as a constituent of the LCF measure, The counter is triggered as the
ITT passes through 550°C. The ratio E650/EOT is designated E550R and is the {nverse of the EOT/mission.
Figure 5 is a histogram of E550R for the total A10 engine fleet with ages above 300 hours. This ratio is used in
computing the LCF life expended for those components having an MOT expressed in LCF terms. The varisbility
of this ratio is larger amongst low time engines but tends to stabilize with a comparatively low variability as
EOT increases,
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Figure 5. Histogram Events 550 Ratio

Figure 6 a crossplot of E550R vs EOT for each engine in the A10 fleet flluatrates this effect. In modelling
logistics requirements, the mean value of E550R is used in computing LCF usage.
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EVENTS 790°C (E790)

. X

. Both E790 and E780R show the largest variability of the measures. An E790 is recorded each time ITT passes
above 790°C and is a measws:2 of throttle transients within the normal engine operating range. The measure is
used in conjunction with E580 to establish LCF usage as described previously. Though of wider varisbility than
the E550 measure, the variability does narrow with age. Figures 7 and 8 are a histogram of ET90R and a crossplot
of E780R vs EOT respectively. The distribution shows much more variability than ES50R. The mean value
of the distribution of E790R is used in the logistics forecasting model.
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TIME AT 810°C (T810)

At operating temperatures above an Inter-Turbine Temperature (ITT) of 810°C hot parts life usage becomes
significant. For this reason, the ETTR is set to record all time spent with the ITT at or above 810°C. The
TF34-100 control system is timed to provide 100% fan speed at or below 825°C. On engines which have a high
performance margin, it is not unusual for 100% fan speed to be achieved below 810°C. Such engines may accum-~
3 ulate several hundred hours before operating at or above 810°C. The variability in the T810R results in a corres-
3 pondingly large range in EOT at which the allowable MOT at or above 810°C s reached. The data obtained from 4
‘ the ETTR therefore provide us with the tool to measure and incorporate this variability into our logistics forecast- :
ing model. Figure 9 is 2 histogram of T810R and {llustrates the large variability experienced,
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Figure 9, Histogram T810R

In Figure 10, where T810R is plotted against EOT for the TF34-100 engine fleet, the MOT line AB, equivalent
to 180 hours at T810°C is superimposed as is the MOT line CB, equivalent to the cyclic life limitation. The distri-
bution of the EOT at which engines reach the MOT boundary 1ine CB is converted into an input to the logistics
model. In determining the time at which engines will reach either of these limits, analysis on the change of T810
versus EOT is also accomplished using data from the ETTR. The rate of increase of T810R with EOT is repre-~
sented by the line DB. The slope of this line was established by analyzing conseouttve ETTR readings for & sample
of engines. The use of these data permits the forecasting of engine removals due to T810 limitations with a high
degree of confidence. It should be noted that if no fleet wide ETTR System were available, a max operating time
based on EFH would have to be adopted, probably in the order of 600 EOT, however, the use of ETTR has resulted
in an average MOT of 1000 EOT and a subsequent decrease in engine visits to the shop and parts usage cost.
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LOGISTICS FORECASTING MODELS

The overall logistics forecasting model is based on a model that simulates the operation of a fleet of engines
and generates a Shop Visit Rate (SVR) forecast, and which differentiates between the expected causes for the
shop visit. In the current use of the model ten different SVR causes are designated, however, the model does
have the capacity for additional designations should they be required, Output from this model is used to generste a
parts demand forecast. This is accomplished using a model that relates the SVR cause to a replacement parts list
and compares expected demand to known parts assests and order position. The parts list per event is based on
recorded usage for typical events and MOT limitations. The parts list derived covers what are considered to be
logistically significant {tems, that is to say high cost, long lead time those having expected age dependent wearout
characteristios, plus any others that can be identified as relating to the cause of the shop visit or the age of a part
at such a shop visit, currently this list comprises approximately 200 items.

For the purposes of forecasting the requirements of the rest of the engine parts list, reliance is placed on
utilizing demand history data available in the military logistics data system such as the United States Air Force
Recoverable Consumption Rem Requirements System (DO41) and Economic Order Quantity (EOQ) Requirement
Computation (DOG2 System), Historic demand data from these two systoms is smoothed and trended and future
demand forecast based on expeoted fleet utflization. This in conjunction with the output from the Parts Require-
ments Model provides the basis for a complete engine parts list forecast. Another model used in support of the
SVR model to optimize the ground rules for changing out parts that are approaching their MOT when exposed due
to other corrective maintenance, such ground rules are often termed "Opportunistic" or "No Bulld" maintensnce
plans.

Visit Rate Modsl

The Shop Visit Rate model oonsists of simulation of a fleet of engines operating under specified condition for
a prescribed period of time, ‘l‘hehgudthomdnlhldallbmbbnnnmplmwhﬂmulybmr
causes of maintenance, thus the excessive computational costs frequently associated with stmulstion models are
avoided, Using the simple simulation spproach, it is quickly and easily possible to measure the effects of changee
in reltability, maintenance policy or provisioning policy, and attain the objective of minimising shop visit rate and
logistics cost. The simulation logic has been transiated into a Fortran computer program and may be rua etther in
Batch or Timesharing mode. The following is a generalized desoription of how the simulation program is con-

struoted and how our model has been developed to matoh the OCM concept currently being used to maintaia the
TF3-100 engine.

Our basic philosophy has been to stmulate only those events for which we have credibie data snd & good wnder-
standing of the faflure characteristios.

mmmummmum.mumdmmmu
nlﬂlmh s By S0 C Jhanes
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The A Phase is the first portion of the program and consists of program initialization, setting counters to
= zero, reading input, setting up flight schedules, and generating the time to first maintenance event on each ini-
: tially installed engine,

The B Phase is the time-dependent portion of the program, where the random and wearout events are simu-
lated and acheduled maintenance on individual components and engines is generated based on simulated operating
time. As each maintenance event is completed, the program sets up the time for the next maintenance event on
the item, either using computer generated random numbers for setting up unscheduled maintenance events or by
adding a fixed increment of time in the case of scheduled events. The program has an option to print details of
individual events as they are generated by the random process which is useful during initial runs to ensure the
program is functioning as the user intends. Time is advanced by incrementing to the time of next maintenance on
any engine of the fleet.

The C Phase is the program output portion, where the resuits generated in the B Phase are printed in sum-~
mary form (Table 3), giving monthly maintenance events by type. A summary is also given of the status of each
engine in the program at the end of each simulated month, indicating whether it is installed, in maintenance or a
Ready For Issue (RFI) spare. The simulhtion program is applicable to most engine programs involving three
maintenance levels. Our development work was performed using TF34 engine as an example of a typical applica-
tion. In other applications, the user's needs will necessitate some tatloring of the program to meet the require-
ments of his proposed maintenance concept,

TYPICAL SIMULATION

The program simulates the operation of the engine portion of an aircraft fleet and the required maintenance
activities and spares necessary to support this operation for a number of years. In the following description, the
alrcraft {s a two-engined type, each engine baving equal probability of random faflure, or other maintenance
events resulting from wearout or life limitations,

The engines are schedulei for certain maintenance events and inspecttons during their operating life, namely
borescope inspection and performance checks with associated fallout based on wearout, and replacement of life
expired parts. Unscheduled engine removal and replacement of line replaceable units (LRU) are considered
random events. The maintenance actions simulated result in removal of the engine from the operating air-
craft and processing through a simulated maintenance shop. The turnaround/repair time itself {s a varfable
related to the type of maintenance event. When this time has expired, the engines are returned to the supply
of RFI spares for future use. Engines are selected for use as spares on the basts of the earliest engine to
emerge from maintenance.

In the event that no spare engine is available, the logic places the aircraft out~of-action until the first avatl-
ahle spare arrtves, and accumulates the downtime which results. In this mode the model can be used to estimate
the impact of aircraft availability of changes in any of the model variables.

Unscheduled Maintenance Events
The engine random maintenance event function is assumed to follow an exponential distribution,
Engine unscheduled maintenance time 1{s generated according to the following function:
Maintenance Event Time = -(MTBUME* In (X) )

Where

- y— -

X is a random number between 0 and 1
MTBUME is the mean time between unacheduled maintenance events on the engine.
The function generates removals randomly and at a constant rate as a function of the accumulated flight hours,

Provision can be made for reliability growth, based on growth projections for the particular engine model being
simulated. This growth provision can be modified, or removed according to the needs of the user.

- e

Age Related Parts Replacement

One problem in forecasting for the On Condition Maintenance concept is the consideration of parts that exhibit
8 higher probabiltty of failure or need of replacement as they age. Fortunately this condition can be readily
modelled using the Weoibull distribution.

-(T/0)B

- v

Pr~1-¢
Where Py is the cumulstion probability of fallure at time ¢,
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t 1is the engine time
9 18 the Weibull scale parameter characteristic 1ife
B s the Weibull shape parameter (slope)

Age related parts replacements may occur as a result of scheduled inspections (e.g. borescope), exposure
at some other corrective maintenance action or due to failure or performance degradation that initiates the need
for corrective maintenance.

In the simulation, fallout at scheduled inspections is based on the conditional probability of the part or
engine performance having degraded below acceptable limits since last inspection. This probability is compared
to a computer generated random number X (between 0 and 1), and the engine is considered to have fafled if thé
value of X 1s less than this probability.

For events expected to occur at other than scheduled inspections, the time at which the event is expected to
occur is established using the same distribution and a random number generator.

REPLACEMENT OF LIFE LIMITED PARTS

Life limited part replacements are assumed by the program to follow a distribution defined by analysis of the
ETTR data (In most cases normal or log normal). Replacement age of a part on a specific engine i{s randomly
selected from within this distribution, the limits being assumed to be *3 standard deviations from the mean.

The part age may be expressed n terms of hours or cycles in which case conversion is made to hours using a
ratio of cycles to hours established by prior measurement. The simulation replaces the time-expired part with
a zero~time part, when the number of hours accumulated reaches the established limit,

Derivation of Maintenance Events on Typical Engine

Figure 11 shows the flow of a typical engine through the system. It represents an engine which at the start of
simulation has already accumulated 796 hours with 336 hours since the nozzle stator was replaced (block (1) )« The
program computes the time to next maintenance for the four types of maintenance event (block (2) ) and by subtrac-
tion how many more hours remain to the time these events are due (Block (8) ). The clock chooses the least of the
times in Block (3) and reduces all event times by that amount (Block (4) ). In this case the Borescope Inspection
and Performance Check are due together; the latter is done first, The faflure probability is calculated using the
Weibull Characteristics (Block (5) ), and a random number between 0 and 1 generated by the computer. If the num-
ber {8 < .25 (Block (6)) the engine fatled the test (Block (7)); the time remaining on the buckets is checked (Block
8)); this time is compared to the '"No~Build" or Opportunistic Maintenance Time (Block (9)); if greater than the "No
Build", performance is corrected by a shroud replacement (Block (10)); if leas than the '"No Build", the buckets are
changed (Blocks (11) and (12)). Returning to Block (6) - if the number is > .26, the engine passed the performance
check (Block (13), When this happens the borescope inspection of the hot section is made (Block 14) using Weibull
characteristics. In similar fashion to the performance fatlure, failure of the hot section occurs if the computer
generated random number is less than the Weibull faflure probability (Blocks 16 through 18), Success results in
Blocks 19 and 20,

Typically input requirements from the Shop Visit rate model are:
By Base:
Alrcraft utilization/month
Engine/Aircraft age and usage data at start of forecasting period (reference Table 2)
Engine configuration
Deltvery schedule for new afrcraft and engine

Distribution parameter for engine operating ratios (LCF, TAMP)
Preventative maintenance inspection interval (borescope, etc.)

Mean time between maintenance actions

Turnaround times by type event.

Table 3 ts a typical tabular output from the model while Figure 12 is a graphical representation showing total
SVR broken down by the most significant causes,
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Figure 11, Typical Engine Flow Through Stmulation Model

The SVR model is run separately for each operating base to accommodate the different utilization rates and
maintenance concepts that may exist, Data from each base is then compiled by the program to provide a composite
fleet SVR forecast and input to the parts requirement model.

Figure 12 is a typical shop visit rate forecast for the TF34-100 fleet. Four basic causes for shop visits are
identified in this plot, Further detailed breakout is available in tabular form as required, The four basic causes
shown in Figure 12 are:

TR

g,

; 1. Removals resulting from an MOT limitation in terms of time at maximum power (TAMP),
3 2, Removals because the engine failed to meet performance criteria.

g 3. Removals at a scheduled borescope inspection due eo wearout characteristics of the first stage
turbine nozzle.

I
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OPPORTUNISTIC MAINTENANCE MODEL

Parts subject to cyclic or operating time limits can be major drivers of shop visit rates (SVR) and mainten-
ance cost. In most engines the specified cyclic lives will be different for each component, however it is not
practical to run all these components to their maximum operating times (MOT's) because unacceptably high shop
visit rates would occur if the engine was pulled into the shop to replace a part only when it finally reached its
MOT limit. Current practice has been to establish an "Opportunistic Maintenance' plan in which components are
replaced at the same shop visit, if a specified amount of their life has already been consumed. The trade-off
in loss of useful part life is more than offset by reduced labor costs and lower shop visit rates, if the opportunis-
tic maintenance plan is properly established. For a more detailed dissertation on this subject and a description
of a model developed for use on the F100 engine, the reader is referred to the work of J. L. Madden of the Direc-
torate of Management Sctences, Headquarters Air Force Logistics Command, USAF. (references 2 and 3). As
part of the logistics forecasting effort, a model has been established incorporating the logic required to set up an
opportunistic maintenance plan. The objective of the program is to establish the life remaining interval necessary
to minimize shop visit rate and/or overall maintenance cost. The program takes the form of a limited simulation
and retains in memory the accumulated time or cycles on a specified number of life limited items on a large fleet
of operational engines, Only those parts having specified lives less than the expected duration of the operational
life of the engine life cycle are considered. On the engines studied, the number of parts with lives smaller than
the expected program life is quite manageable, so this has not been a massive computation problem. Exposure in
terms of the 1imited parameters is accumulated on each of the parts until a life limit is reached, at which time
the engine is removed to the shop. When this occurs, the part is replaced and the life remaining on all the other
parts is examined. They are replaced if their life is less than are assumed opportunistic maintenance interval.
Labor time will include total disassembly time for the "primary'' part replacement, including time to remove from
the aircraft and any check-out running after replacement. For the "secondary" parts the labor time will be the
additional time necessary to replace the other items, once the engine is disassembled to the primary item.

Costs and shop visits are accumulated on a monthly basis over the total duration of the program. The optimum
opportunistic maintenance plans for both cost and SVR are established by runnixg further iterations.

Figure 13 is a graphical presentation of a typical optimization study. In this case five MOT items are con-
sidered. One item is limited in terms of time at temperature and the other four have different maximum lives
specified in terms of LCF cycles. The program was iterated for various opportunistic maintenance intervals and
the resultant 15 year maintenance costs and shop visit rate associated with these parts estimated. It will be ob-
served that for OM intervals between 500 and 1000 hours there is very little change in maintenance cost, however,
the shop visit rate is reduced by over 50%. Beyond 1000 hours there is a rapid increase in cost for a very small

‘improvement in SVR., Mean values of the 5 component MOT's in terms of engine hours were 1125, 2560, 3100,

3000 and 2600 respectively,
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Figure 13, Opportunistic Maintenance Interval Optimization Study
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PARTS REQUIREMENT MODEL

This model takes the output from the SVR model and matches it to a parts list per event file to compute total
parts requirements by interval over the forecast period. In addition, the program computes pipeline and safety
stock level requirements to meet the expected demand for selected components. The program has the option to
take input on asset positions and lead times for each part and provide an expected reorder and zero stock points.
Further routines are currently being added to this program to convert the expected demand quantities into a for-
mat which can interface directly with customer logistics management systems such as the USAF DO62 and DO41
or the USN CSSR system.

USE OF THE FORECASTING SYSTEM

The SVR Forecasting model can be used as the basis for several logistics planning requirements. In its basic
form which provides a listing of monthly shop visits by cause, it can be used as a basis for establishing the require-
ments for:

Workshop capacity

Facilities

Tooling and Test Equipment
Manpower

Overall Maintenance Support Costs

Typical of the output used to assess the requirements for such resources as workshop capacity and manpower
is the graphical presentation shown in Figure 14 and 15. These figures show respectively the expected shop visit
rate and the shop loading in total and for certain specific causes by month, As can be observed, some of the causes
are cyclic in neture being the result in this case of a wearout characteristics in one component and an MOT limita~
tion in another. The SVR category No. 3 is the result of a wearout characteristic, in this case the first stage tur-
bine nozzle that results in an engine’s removal at a preventative maintenance inspection, This is a component
that has been subject to a Component Improvement Program and on removal is replaced with an improved design.
Thus shop visits due to this component do not start becoming significant again for another four years. The model
recognizes the concept in this case of replacing the initial desigh whenever the engine is removed for other causes
such as category No. 1. This category is caused by the first stage turbine buckets which have a life limitation in
terms of time at maximum power (TAMP), as described in the discussion on the ETTR system. The resultant
distribution in engine operating hours at which this TAMP limit occurs coupled with the engine age distribution
smoothes the peak shop loading but the cyclic effect can still be seen as the SVR for this category peaks in the sec-
ond year, at the end of the fourth, and again at the end of the sixth year.

Legend
1. MOT (TAMP)
2. Pertormance Deterioration (Weibull)
3. Hot Section Wearout (Weibull)
3.50 - 4. Random Causes

Shop Visit
Rates
{Per 1000 R&S)

Months

Figure 14. Shop Visit Rate Forecast for Base B.
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The component responsible for the TAMP removals (Category 1) was included in a study into the cost effective-
ness of the ETTR system. If no ETTR were available the component life would of necessity be established i{n
terms of engine flight hours. As can be seen from Figure 8 that life in terms of time at temperature would cover
a very wide range of EFH. If the life were to be established analytically, it would be done in terms of conservative
assumptions relative to mission, severity, or if having the resource to instrument a sample fleet, a similar dis-
tribution to that shown in Figure 9 would be measured, On this basis, we estimated that the MOT would be estab-
lished at approximately 60% of the mean life achieved using the ETTR system, The impact {8 shown in Figure 16,
This represents the total shop visits caused by MOT limits on the subject component over five years at one base,
The number of total visits is more than doubled and the cost {mpact is in the order of $20 million,
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Figure 16, Impact of ETTR System on Total Shop Visits
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Figure 17. Shop Visit Rate Effect of ETTR System

The significance is not only ir the cost but also in the impact on SVR, the reduced MOT and its definition in
terms of engine flight hours results in far higher peaks in the SVR during the first four years of the forecast period
although the impact on SVR is modified somewhat by the effect of the Opportunistic Maintenance Plan. This is
illustrated in Figure 17 where the SVR is plotted for the two cases.,

1. With an ETTR system, and MOT specified in terms of time at maximum power, Opportunistic
Maintenance Plan 150 hours at intermediate maintenance, 300 hours at depot,

2. No ETTR system, MOT specified in terms of engine flight hours. Opportunistic Maintenance
Plan 150 hours at Intermediate, 300 hours at depot.

The first six months of the forecast period reflects the current status, the fleet is currently experiencing
the first cycle of MOT removals due to TAMP, two factors act to smooth the periodic surge, one {s the engine age
distribution due to the fleet build-up period while the second is due to the definition of the MOT {n terms of TAMP,
This results in quite a wide range of EOT's at which TAMP occurs. In the case {llustrated the TAMP MOT
cyclic peak is virtually eliminated after the second cycle which occurs at about month 40 of the forecast.

On the other hand, when the MOT is in terms of EOT the cycles are more pronounced (a) because there is
no smoothing due to the effect of TAMP ratio and (b) because the cyclic frequency Is less than 60% of that in
case 1, three cycles are identifiable approximately 20 months apart. At the average assumed utilization of 30
hours/month this cyclic frequency coincides with the 600 hour MOT.

The SVR model has also been used to study the cost effectiveness of proposed changes in engine design,
maintenance plan and the extenstion of maximum operating times. Typical of the latter was a study relative to
increasing the MOT of the component described in the last example, Preliminary field operation and factory
endurance hours had indicated that an increase in allowable time at max power was possible, however such an
increase would be dependent on the continuatton of the test and development program. Figure 18 {llustrates the
impact on SVR where line (1) represents the baseline case and line (3) extended TAMP. It will be noted that
there is very little impact. The reason for this may be explained by referring back to Figure 11, which describes
the modelling simulation. Block (7) identifies a performance check when the probability of failing the check {s
described by the Weibull relationship. Correction of performance degradation results in the changeout of the
TAMP limited parts if within the opportunistic maintenance plan limits, In the case studied a 180 hour TAMP 1im-
itation precludes many of the removals that might otherwise result from performance deterioration. On the other-
hand if the TAMP limit {s extended to 200 hours the performance deterioration will predominate using removals
prior to reaching 200 TAMP hours and thus negating the benefits of a reduced SVR that could have resulted from
the increased TAMP limit. Line (2) represents the impact on SVR if the effects of performance degra-
dation are eliminated.
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Figure 19, Stage 2 Forward Cooling Plate Life Optimization

The opportunistic maintenance model may also be used for purposes other than establishing opportunistic
maintenance policies, In several cases it has been used to evaluate the cost effectiveness of proposed ECP pro-
grams to increase component LCF lives. In the study illustrated {n Figure 19 continued endurance testing had
shown that a part in the HP turbine rotor had a mean MOT in terms of engine operating hours of 1700 hours. This
was low relattve to associated components, Various design changes were possible each of which oould provide
some degree of increased life. The model was used to determine the life needed to provide the maximum decrease
in SVR, In many cases the MOT of component within 2 module or major assembly will vary considerably resulting,
even with the optimum opportunistic maintenance plan in considerable waste of available part life, Selecting a
desirable goal for the improved life capability can be assisted by the use of this model. In the case illustrated,
the opportunistic maintenance model was used to forecast the total shop visits that would be generated over a five
year period for various vajues of the component MOT. The results are shown in Figure 19 where cumulative shop
visits requiring replacement of the subject part are shown plotted against year and average part life in terms of
operating hours. In this case, it can be seen that there is no reduction in savings related to the shop visit rai:
for a component MOT greater than 2100 hours. Above the component age of 2100 hours the MOT's of other parts
: will become the primary driver of the shop visit rate. However the lives of other parts begin to drive the need for

shop visits and the mmawdmmnqwao Maintenance Plan.
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FORECASTING TOOLS DIRECTLY AVAILABLE FOR THE PLTS/ETTR SYSTEM

Certain forecasting aids to logistics management are available directly from the PLTS/ETTR Systems.
« Typlcal of these are the Engine Status Report and 20% Life Remaining Report,

-

Engine Status Reports

Whenever an engine is inducted for major repair decisions must be made as fo whether to charge out MOT
parts which still have life remaining as described in the section in opportunistic maintenance. It is necessary
therefore that the repair facility has an accurate listing of the total exposure to operating house, low cycle fatigue
cycles, time at temperature or whatever other parameters by which a component's MOT is specified generated
automatically by the PLTS whenever a third engine is inducted into a repair facility.

Life Remaining Report

Typical of reports generated on a periodic basis as part of the PLTS Program is the "Twenty Perocent Life
Remaining Report". This lists by item designation, the information necessary to locate all parts, in the fleet or i
in storage, having less than 20% . their designated MOT remaining.

Table 4 is part of such a listing., In this case the example identifies two parts in engine Serial Number
205183 that are within 20% of their MOT. The report identifies the aircraft in which the engine is installed and the
base at which it is located. In the case of both components, the part and serial number of the Next Righer Assembly
(NHA) is noted, The first item referenced to is the Fan Disc, the MOT limit is in terms of LCF cycles as desig-
nated by the Time Limit Code C. The limit of 3100 cycles and the current life used is 2927 cycles leaving 5.58%
of life remaining. The second item is the first stage high pressure turbine bucket ~ in this case there are three E
MOT limits, code C, the LCF limit of 8000 cycles, code V, which is hours at or above 790°C and code E which is
at or above 810°C which equates to time spent at maximum power, The limiting exposure here is in terms of
time at 810°C, 172 of the limit of 180 hours has been consumed and 4.44% of the life remains.

Table 5 is from the same report but identifies a part being held as a spare, In this case it is a set of turbine
buckets that are part of a spare rotor assembly identified by the NHA part number,

The life used is computed from the ETTR data which is also issued in report form as shown in Table 2.

In this table the engine referred to in Table 4 is identified. The data in terms of E550 and E790 18 used in

conjunction with the K factors as shown in Table 1 to compute the cycles used. T790 and T810 are used directly
from the ETTR files,

This and other reports are generated periodically for various operations. The Central Data Base is generally ;
responsible for supplying reports to the using commands, Logistics Command and operating bases while base
documentation/MMICS operations provide reports for base maintenance management planning and forecasting.
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THE APPLICATION OF DESIGN TO COST AT ROLLS-ROYCE
by

R.J.Symon and K.).Dangerfield
Rolls-Royce Limited, Aero Division, Bristol.

INTRODUCTION

The Rolls-Royce Aero Division is composed of factories situated on a variety
of sites and includes three mair groups, each of which has full sales, design
manufacture and product support capability. While all sites accept the basic
philosophy of Design to Cost, the practical application has evolved in accordance
with local experience and the working methods of the individual areas and this
paper specifically deals with the Bristol Group whose workforce is approximately
18,000 strong and whose main factories are at Bristol and Coventry. The paper is
significantly the work of two authors having overall responsibility for the cost
cortrol function, one within the Engineering Department and the other within the
manufacturing areas. The views expressed are those of the authors and should not
be interpreted as necessarily representing offical Company policy.

The fact that Design to Cost has only lately become a worthy subject for
papers and seminars is a sympton of the inheritance of most nations who were
early in the development of industrialised society. In those early days the
desirability of what the inventors and engineers had to offer in the way of
solutions to age old problems was such that designing and making were pursued
as subjects separate from their cost consequences on the basis that if desir-
ability and availability were catered for, customers who would pay the costs
could always be found. It was the classic seller's market which inevitably re-
sults when widely desirable commodities are available from few sources. It was
in these early days that most manufacturing companies evolved the normal struc-
ture in which Engineering, Manufacturing, Commerce and Finance are each made as
autonomous as possible, usually having their own directors responsible only to
the head man. This is no doubt the best structure to address a market place
where the customer is concerned only to get what he wants when he wants it but
it can respond only with difficulty when he also has a maximum price beyond which
he genuinely cannot go.

Between 1939 and 1945 the British aero engine industry multiplied its
capacity by 75 times and no doubt a similar situation applied in other countries.
At the end of this period the turbine engine looked likely to completely displace
piston engines for nearly all civil and military applications and thus it was
inevitable that the 'cost plus' environment was continued by the placing of
Government contracts, often of a research nature, with the dual purpose of
developing gas turbine technology and cushioning the industry during a period
when it had to find a new peace-time role and the capacity to match it. Wwhile
thirty years have passed since the start of this period aircraft projects have
a life span nearly as long as this and so the full realisation of the cost
consequences of the inherited working methods has only become widely apparent
in the last decade. This is particularly true of the operating costs of modern
engines which are now such as to convince anyone that a radical approach to life
cycle costs is essential, particularly for military equipment where there has been
a tendency to pursue all technological developments in terms of ever more sophis-
ticated performance.

During this same period the less industrialised countries have significantly
reduced our relative wealth by learning to make for themselves many of the
manufactured goods for which they were previously dependent on our industries,
while we have been unable to keep ahead because of the increasingly effective
restrictions of reducing resource availability and other environmental pressures.
Thus the full realisation that cost is as important to our customers as technical
performance or delivery is Juite recent and rapid response is particularly diffi-
cult because most industrial companies are structured to respond to technical,
delivery, commercial or accounting problems but not to cost which is a consequence
of the way in which all four interact with each other. The introduction of a
radically new discipline is, furthermore, paced by the timescale of projects them-
selves and by the difficulties of achieving a major cultural change in large
multi-disciplined organisations.

This paper describes the work done in the Bristol Group of Rolls-Royce Aero
Division during the last five years and shows how our Product Cost Control system
(of which Design to Cost is a part) grew from the disappointing Value Engineering
experience of the 1960's and the encouraging results of the appro&ch which
subsequently evolved. The major financial benefits which it is now showing
are quoted.

The important aspects of the background which influenced the Rolls-Royce
approach are described and conclusions drawn regarding the origins of unnecessary
cost. and the problems to be overcome in avoiding them. The detailed objectives in
setting up the Design to Cost procedure are stated and the reasons explained.




A new type of department has been created to face the prigctnw‘ o' je . that
true control of costs requires new interactive links between tb. g t
disciplines at all levels. The paper describes the way in wk 8 _roup fits
into the existing organisation to ensure that effective cost becomes part
of the established routine.

Comments are made on the nature of cost and its fundamental difference from
the other parameters which the Designer has traditionally managed.

The Seminar specifically addresses itself to Designing to Cost and Life
Cycle Cost. It is certain that the cost of ownership of most high technology
equipment greatly exceeds the already too high aquisition costs but this must
not be allowed to mislead the designer into believing that these are separate
subjects. The gathering of basic data, from the field, the overhaul base, from
within our own factories and the processing necessary to make it digestible to
a designer are worthy of a paper in their own right and no doubt others will deal
with these aspects. In the meantime it is worth noting the extent to which life
cycle costs are driven by component costs (Fig.l1). Provided that the designer
can be given a quantified understanding of the cost effects of the differential
spares consumption rates of the major components he can handle the major aspects
of LCC without difficulty. The Rolls-Royce system is structured this way.

Conclusions likely to apply to any commercial manufacturing company are
suggested and comments made regarding the future responsibility of engineers in
determining the financial success of the companies for which they work. Comple-
mentary roles for management and financial accountants to support the new
responsibilities of the engineers are also indicated, as is the much greater
involvement of everyone in the true nature of their company's business. It is
believed that all these things, however daunting or strange they may initially
appear to our over-specialised workforce, will in the end turn out to be wholly
good for the Company, its individual members in all the disciplines and, perhaps
most importantly, for the customer.

The Rolls-Royce experience in evolving and applying a formal Design to Cost
discipline is described in chronological order of the main events which have
occurred during the last five years with brief reference to the period before
that.
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The first significant aspect of cost control for the purposes of this paper
concerns the emergence of Value Engineering as a meaningful activity. Although
it originated in the 1950's, like most new subjects, it was at least a decade
before its pioneers had developed and evolved the basic principles and
procedures and had published them together with factual information on the
results of their application. The potential of the Value Engineering approach
as a means of identifying ways of reducing the cost of components then soon
became apparent to the specialists involved, although unfortunately little thought
was given by the senior management of most companies to its proper application.
In most cases Value Engineering was wrongly presumed to be a quick and ready-made
solution to all cost problems and was consequently not given a fair chance.
Certainly this was true at Rolls-Royce. The Company Training College provided
Value Engineering courses at which the basic attitudes and thought processes of
disciplined Value Analysis were taught and practical case studies used to demon-
strate the potential cost benefits. Over the years these courses were attended
by the majority of designers, detailers and production engineers. A Value
Engineering Department was also established within the Design Office staffed by
engineers transferred from the Manufacturing areas. Copies of all newly issued
design schemes were routed to this department who examined them from the manu-
facturing viewpoint and sent their recommendations back to the Design Office.
Initially results were encouraging in terms of the sums of money being reported
as savings. After a while, however, it was realised that only a very small
proportion of the recommendations were ever implemented and eventually the depart-
ment was disbanded for this reason.

At this time the total manufacturing activity of the Bristol Group consisted
of the combined resources of what had been two separate companies and consequently
it was not always evident at the design stage where production manufacture for a
given component would finally be placed. Another very significant aspect of this
period was that the manufacturing engineers who formed the Value Engineers Depart-
ment, having spent their lives a long way downstream of the Design Office, con-
sidered that they were making the earliest possible impact by obtaining copies of
the design schemes at their time of issue. To the designer, however, scheme issue
was the end of the line. not the bginning. Thus, the value engineers were giving
advice too late as far as the designers were concerned. Furthermore, the advice
necessarily lacked an absolutely vital ingredient. It did not and could not carry
any real commitment in the sense that the eventual manufacturing methods and costs
would later be determined by the production engineers who worked in the production
shops, who had executive control over the plant and processes and who also had
quality and programme requirements to meet.
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The Value Engineering Department failed. It was not, however, a failure of
Value Engineering as a discipline nor was it a failure of the value engineers
involved. It was a management failure. Good people were given an important task
to do but were set up organisationally in a way which could not have succeeded.
Advice was being given too late by the wrong people. Fig.2

what had not been recognised by management was the futility, particularly in
the 'cost plus' climate which then prevailed, of installing a group to whom cost
was the only consideration alongside an organisation which was structured only to
recognise and respond to levels of technical and timescale priority and expecting
the group to make a significant impact on costs. We know this experience to have
been common in many companies and at Rolls-Royce it has coloured all our subse-
quent thinking about cost control and the importance of carefully planned
implementation.

1 ST Of

In the early 1970's a major rationalisation of the Production Manufacturing
Department was initiated. Product Centres were established, each with sole
responsibility for the supply of specific types of component. For example:
Product Centre 3 is responsible for the shafts for all engine types: Product
Centre 4 is responsible for all compressor blades; and so on. Each centre is
self-supporting in terms of planning, estimating., purchasing, sub-contracting
and quality. The advantages of an organisation of this type include specialisa-
tion, improved capital plant planning and, significantly for the subject of this
paper, positive identification during the design phase of the Manager, and the
team, who will have supply responsibility for each component during production
phase of the programme.

A new attack on cost, designed specifically to avoid the mistakes of the
Value Engineering experience was then launched. Liaison engineers with similar
backgrounds to the value engineers were located in the Design Office (while
remaining on the Production payroll) charged with ensuring that designers were
given manufacturing advice while they are designing, not after, and that the
advice came from the man who was going to plan and make in production.

Great emphasis was placed on the role of the liaison engineers as link men
who were specifically not there to advise designers but to arrange timely and
direct contact with the production engineers from the appropriate Product Centres.
What the Design Liaison Group offered to designers was a service which could
provide advice at the right time and with commitment, Commitment could only
come from the production engineer of the Product Centre with sole responsibility
for production manufacture.

The effort was first directed at the RB401, a small two spool fan engine
which had just been launched into the main Design Office. The market situation
for this engine was clearly understood to be very dependent on low cost, so that
the Design Team was receptive to cost advice, especially since the advice was
now coming from the production engineers who would have responsibility for manu-
facture. The new liaison activity succeeded in linking designers and production
engineers without significant interruption or delay to either. During this period
the objective was to minimise labour and material content, although no specific
cost target was being aimed for. At appropriate intervals the cost of the engine
was estimated, and by the time the design was ready to instruct manufacture of the
first bench engines, its cost was some 35% lower in terms of $/1b thrust than a
similar engine previously designed by substantially the same design team. There
war no significant impact on the design time cycle and no compromise at all to
the technical standards of the enaine. The price paid in terms of additional
manpower was insignificant. (Fig. 3)

After the failure of the Value Engineering activity this first result of the
Design Liaison approach seemed very satisfactory. However, at this point the
Technical Director suggested that a lower cost might be obtained and specified
on arbitrary cost target which required a further 15% reduction. This was the
first time a specific cost target had been set for Designers and it stimulated
the team to such good effect that the target was reached wi